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Abstract
Climate change is altering the boreal wildfire regime through increases in the
extent and severity of burning and reductions in fire return intervals. These changes can
alter the regeneration trajectory of canopy species and ground vegetation, with
implications for wildlife habitat. There is some uncertainty about the timelines of when
different animal species will use burned areas as their preferred forage taxa recover
following fire, and how such recovery is mediated by environmental factors. Here, we
aim to address these knowledge gaps through the following questions: 1) What are the
main forage types consumed by boreal wildlife and how much dietary overlap is there
among taxa?, 2) How does time after fire affect boreal vegetation recovery and how do
environmental factors mediate recovery processes? and 3) Can information on post-fire
community assembly processes be used to anticipate periods of habitat selection by
different boreal wildlife taxa and where overlap in timing of use may occur? A literature
review examining the diets of several boreal wildlife taxa (e.g., caribou, moose) was
performed to identify major forage types. Vegetation data collected from 581 plots in the
Northwest Territories, Canada, ranging from 1 to more than 100 years post-fire, was then
used to model trends in the relative abundance of key forage taxa for different wildlife
species, and to test the influence of time after fire and local environmental conditions on
plant community composition. Time after fire was a significant driver of boreal
vegetation recovery, but accounted for only a small proportion of total community
variation. Patterns of post-fire recovery varied greatly among forage species and were
often strongly mediated by soil moisture. This suggests that, although time after fire
influences wildlife forage over the long-term, site-specific environmental conditions are
i

also important and should be considered when assessing the implications of increased fire
activity. The results of this research are intended for use by northern communities, to help
anticipate and plan for the consequences of increased burning, and by land-use managers
charged with the effective conservation of wildlife habitat.
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Chapter 1: General Introduction
Climate change in the north
Climate change is causing shifts in temperature, precipitation, and extreme
weather events across the globe. The impacts of climate change are especially
pronounced at high latitudes, where warming trends are nearly double those of the
northern hemisphere in general (Bekryaev et al., 2010). This is due to polar
amplification, an effect caused by several interacting processes, notably the snow albedo
feedback where the melting of snow and ice due to warming lowers surface albedo,
increasing the absorption of solar radiation which raises temperatures further (Graversen
et al., 2014; Robock, 1983). Precipitation has also increased over much of North
America’s boreal and Arctic regions region since 1900, with increasing proportions
falling as rain rather than snow (DeBeer et al., 2021; Han et al., 2018; Laing and
Binyamin, 2013; Price et al., 2013). However, northern precipitation patterns vary by
both season and location, and many areas have suffered from severe droughts since 1995,
particularly in western North America (Price et al., 2013). While boreal North America in
general is becoming wetter over time, the frequency and severity of droughts in
southwestern boreal Canada is expected to increase (Price et al., 2013). In addition,
higher levels of precipitation will not necessarily translate into increased soil moisture in
all seasons or locations, as higher temperatures cause greater evapotranspiration (DeBeer
et al., 2021; Price et al., 2013), potentially leading to moisture deficits.
The changing climate is causing a variety of impacts in boreal and Arctic North
America. The length of the annual growing season has increased at mid-high latitude
since the 1980s, due to either earlier spring melt or delays in fall dormancy (Euskirchen
1

et al., 2006; Zhu et al., 2012). This is mirrored by earlier spring freshet in northern rivers
(Burn et al., 2004). Species ranges are extending north as the climate warms, as
evidenced by the expansion of shrubs into formerly open tundra areas (Tape et al., 2006).
Rates of permafrost thaw are accelerating, causing widespread forest to wetland transition
in the boreal biome which alters surface energy fluxes such as albedo and enhances
hydrological connectivity within drainage basins (Baltzer et al., 2014; Connon et al.,
2014; Helbig et al., 2016). This, along with greater precipitation and warmer
temperatures causing greater snowmelt has lead to increased streamflow in many areas,
particularly during winter and spring (Burn et al., 2004; Connon et al., 2014; Spence et
al., 2011). Permafrost loss has also contributed to landscape level changes through
processes such lake drainage and the development of thaw slumps (Lantz and Kokelj,
2008; Marsh and Neumann, 2001). Another important impact of climate change is the
alteration of forest ecosystems through increasing fire activity.

Fire in the boreal forest
Climate change is causing more and larger fires to occur in the north. The annual
area burned across western and central boreal North America has more than doubled
since the 1960s (Walker et al., 2020). Lightning ignitions, the main cause of boreal fires,
have also significantly increased since 1975 and this trend is expected to continue
(Kochtubajda et al., 2006; Veraverbeke et al., 2017). In the NWT, the summer of 2014
brought a record-breaking fire season with burns impacting 2.85 million hectares of
forest and releasing an estimated 94.3 Tg of carbon into the atmosphere (Walker et al.,
2018b). Climate change is expected to cause a significant increase in both the area burned
and the length of the annual fire season in this region over time (Flannigan et al., 2008).
2

Changes in the fire regime directly influence forest communities through increasing the
number of younger stands across the landscape and potentially causing forest
composition to shift from black spruce to deciduous dominated, jack pine dominated, or
even to non-forested states (Hart et al., 2019; Johnstone et al., 2010).
Fire is a natural process in boreal forests and a key driver of ecosystem dynamics.
Both ground and canopy fires cause high mortality of overstory trees and are generally
stand replacing (Viereck, 1983). The structure of North American boreal forests, with an
underlaying shrub layer and tendency for dead branches to remain on black spruce
encourages fire to spread to canopies, increasing tree mortality (Viereck, 1983). Fires in
the boreal forest drive succession (Viereck, 1983; Viereck et al., 1983) and influence soil
chemical and microbial conditions (Day et al., 2019; Holden et al., 2016; Ward et al.,
2014), carbon and nutrient cycling (Walker et al., 2018b; Ward et al., 2014), local
permafrost thaw (Gibson et al., 2018), and temperature/energy balance (Gibson et al.,
2018; Ward et al., 2014). However, there is uncertainty about how climate change driven
alterations to the natural fire regime will impact boreal forests over time.

Boreal plant succession after fire
Both tree and understory plant species in the boreal have evolved traits that
increase survival or recolonization after fire, such as heat-triggered germination, the
production of serotinous or semi-serotinous cones which open and release seeds when
exposed to high enough temperatures, or the ability to resprout from underground stems
known as rhizomes (Alexander and Cruz, 2012; Granström and Schimmel, 1993;
Markham and Essery, 2015; Schimmel and Granström, 1996; Viereck, 1982, 1983). Both
trees and understory species often recruit rapidly following fire, with most establishing
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within the first 3-7 years. However, the presence and abundance of species varies over
time, with plants such as Epilobium angustifolium (fireweed) increasing in abundance
after fire while others, such as Empetrum nigrum (crowberry) are characteristic of
unburned areas (Hammond et al., 2019; Markham and Essery, 2015). Fire may also alter
species composition, causing both the loss of established taxa and colonization of new
species into a burned area, which is often as a function of the amount of organic soil
combustion (Day et al., 2017; Markham and Essery, 2015).
The speed and pattern of plant recovery after fire is influenced by a variety of
physical and biological conditions such as pre-fire forest composition, elevation, aspect,
density of surviving trees, and the amount of woody debris left on site (Day et al., 2017;
Hammond et al., 2019). Fire severity also has an important influence in plant recovery as
high severity fires, commonly defined as those causing high levels of soil combustion,
will destroy a greater proportion of both coarse wood and the surface organic layer,
killing underground reproductive structures (Hammond et al., 2019; Hollingsworth et al.,
2013; Schimmel and Granström, 1996; Viereck, 1983). Plants that rely on resprouting
from underground structures or survival in residual patches to regenerate tend to be more
common after low severity fires (Day et al., 2020; Hollingsworth et al., 2013).
Conversely, high severity fires favour species that disperse onto a site from other areas,
require thinner organic layers to establish, or root directly in mineral soil (Hollingsworth
et al., 2013; Schimmel and Granström, 1996). High severity fires may also favour the
establishment of deciduous species over spruce, potentially causing a shift in forest
composition over time (Johnstone et al., 2020, 2010), with implications for ground
vegetation. This, in turn can impact boreal wildlife who rely on these species for food.
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Impacts of fire on wildlife
Increasing fire activity in the north has the potential to significantly impact boreal
wildlife through habitat alterations such as increasing deadfall, reducing tree density, or
either enhancing or reducing connectivity between favourable areas (Allard-Duchêne et
al., 2014; Campbell and Hinkes, 1983; Metsaranta et al., 2003). The response of wildlife
to increased burning is expected to vary by species due to differing habitat and forage
preferences.
Moose (Alces alces), an important subsistence species for northern communities
(Spring et al., 2018), may benefit from fire due to an increase in favoured deciduous
forage plants such as Salix spp. (willow), which is more common in young burns than
mature forest (Hammond et al., 2019; Risenhoover, 1989). Moose have been observed to
particularly select for sites that are 11-30 years post-fire (Joly et al., 2017; Maier et al.,
2005). A study of fire and moose in Alaska found that this species used 20 year old burn
sites of varying severity, likely due to the availability of deciduous forage in these areas
(Brown et al., 2017). Street et al. (2015) found similar results for moose in Northern
Ontario, which showed strong selection for deciduous habitat in disturbed locations
(Street et al., 2015). Conversely, DeMars et al. (2019) found that moose in parts of
northern British Columbia, Alberta and Saskatchewan avoid burned areas regardless of
age. They suggest that this is due to either predator avoidance or conditions in some parts
of the boreal forest supporting a trajectory of vegetation recovery that is not favourable to
this species, highlighting the need to consider local conditions when anticipating wildlife
use of a burned area (DeMars et al., 2019).
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Woodland caribou (Rangifer tarandus caribou) is another species of high cultural
and subsistence importance (Legat and Chocolate, 2012). Unlike moose, caribou tend to
select for mature forest and peatland habitats and avoid recently burned areas (Hins et al.,
2009; Joly et al., 2003; Rettie and Messier, 2000). The use of mature forest reduces
predation risk on caribou by limiting overlap with alternative prey species such as moose
(Cumming et al., 1996; Hins et al., 2009). Caribou also select mature forests due to the
presence of reindeer lichen (Cladina/Cladonia spp.), an important group of forage
species that can take from 30 - 75 years to recover 50% of biomass after fire (Greuel et
al., 2021; Joly et al., 2010; Russell and Johnson, 2019; Thompson et al., 2015). Though
calving females have been observed to use burns < 40 years old, they tend to select
residual, unburned patches within them over freshly burned areas (Skatter et al., 2017).
However, caribou in the NWT have been observed using young burns in summer to
access fresh plants and mushrooms (Species at Risk Committee, 2012a). Still, the
predicted increase in fire frequency over time is expected to negatively impact woodland
caribou through reducing the amount of mature forest habitat available across the
landscape.
Another northern ungulate of interest is wood bison (Bison bison athabascae).
Wood bison feed largely on graminoids, particularly sedges, and will often select for
open sites created by fire or anthropogenic disturbance (Campbell and Hinkes, 1983;
Larter, 1988; Leverkus, 2015; Species at Risk Committee, 2016). Campbell and Hinkes
(1983) found that the range of the Farewell Bison Herd in Alaska expanded after fire,
largely due to the conversion of black spruce forest to sedge-grasslands, a more
favourable habitat for this species. As a result of such processes, the Species Status
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Report for Wood Bison (Bison bison athabascae) in the Northwest Territories actually
lists fire suppression as a threat to bison, suggesting that increased fire may benefit this
species over time (Species at Risk Committee, 2016).
Snowshoe hare (Lepus americanus) is another species used for subsistence and
cultural activities in boreal areas (Bordeleau et al., 2016). Hares often consume similar
forage to moose including taxa such as Salix spp. (willow), Betula spp. (birch), and
Populus tremuloides (aspen) though they tend to select for smaller individuals
(Oldemeyer, 1983; Sinclair and Smith, 1984). (Allard-Duchêne et al., 2014; Hodson et
al., 2011). However, research from boreal Quebec has indicated that hares likely select
habitat more based on forest structure than to maximize particular forage taxa (Bois et al.,
2011; Ferron and Ouellet, 1992; Hodson et al., 2011). Increased lateral cover, a moderate
number of canopy gaps, high density of deciduous foliage, a ground cover of herbs and
woody plants, and proximity of a location to other habitat types may all be favourable for
snowshoe hare selection (Bois et al., 2011; Ferron and Ouellet, 1992; Hodson et al.,
2011). Snowshoe hares may avoid severely burned areas within the year of fire, likely
due to absence of vegetation, but have been shown to return to them as soon as the
following summer (Keith and Surrendi, 1971). Though they use stands of various ages, in
the more southerly boreal forests of Quebec, hare usage does not peak until 40 – 60 years
post-disturbance, and again at > 80 years (Hodson et al., 2011).
The effect of fire on black bears (Ursus americanus) is important to consider due
to their potential impact on local ungulates. Though they can act as predators of both
moose and caribou calves (Bertram and Vivion, 2002; Mumma et al., 2019), at a
population level black bears tend to select for areas containing their preferred vegetation
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types over those with ungulate neonates (Bastille‐Rousseau et al., 2011; Latham et al.,
2011). This suggests that black bear predation on ungulate calves is largely opportunistic
(Bastille‐Rousseau et al., 2011). If forests of a particular age contain vegetation of value
to both bears and moose or caribou, an increase in large fire years may cause pulses of
ungulate predation over time as burned areas recover to a condition encouraging species
overlap.
Muskox (Ovibos moschatus) is generally known as a tundra, rather than a forest
species, feeding largely on a combination of graminoids, moss, shrubs, and lichen
(Gustine et al., 2011; Klein et al., 1993). However, muskox also occur in forested areas
in the NWT and their range is expanding south (Kutz et al., 2017; Species at Risk
Committee, 2012a). It is not clear why this is occurring; however, increasing
anthropogenic disturbance and climate change driven alterations to weather, disease,
forage, and predator distributions in muskox habitat are all expected to influence this taxa
over time (Cuyler et al., 2019). Muskox range has extended into boreal caribou habitat in
the NWT, raising concerns that these species may compete for space or resources
(Species at Risk Committee, 2012a). Larter and Nagy (1997) found significant dietary
overlap between muskox and Peary caribou on Banks Island, NWT, which suggests
competition potential further south. Traditional knowledge from the Gwich’in region of
the NWT also indicates that caribou and muskox may compete for food in some locations
(Species at Risk Committee, 2012a). However, there is currently no published
information available on what muskox are consuming in forested areas or if their range
expansion is influenced by fire.
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The influence of fire on wildlife has direct implications for the people living in
boreal areas, including both local communities and wildlife managers charged with the
effective conservation of wildlife habitat. These issues are well illustrated in the
Northwest Territories (NWT) of Canada.

Implications for the Northwest Territories
The following two sections focus on the impact of the changing fire regime in the
NWT. My project was based in the NWT and developed in consideration of specific
concerns and knowledge gaps relating to fire and wildlife management in this region.
However, many of these issues are expected to be common throughout boreal North
America.
Implications for NWT communities
The influence of increased fire on both plant and animal species has important
implications for the people of the NWT. The population of the NWT is approximately
50% Indigenous (NWT Bureau of Statistics, 2017). For local Indigenous groups, the land
and wildlife are extremely important both culturally and spiritually (Legat and Chocolate,
2012; Spring et al., 2018). In many areas, there is also a heavy reliance on wild food for
subsistence. Results of a 2013 survey indicated that 65% of households in the NWT
consumed meat or fish obtained by hunting and, in some communities, over 50% of
households only ate meat obtained in this way (NWT Bureau of Statistics, 2014). Most
NWT communities are both small and remote. Many have road access only during
winter, meaning that food and supplies must be shipped in by barge or charter flight
during warmer months. The logistical challenges associated with transportation has
caused high food prices in many northern areas, as well as issues with freshness and
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quality of store-bought food (Council of Canadian Academies, 2014). The reliance on
store bought food can also negatively impact the health of local people, both through the
greater amount of fat and sugars in these products compared to wild food and the
reduction of physical activity normally associated with hunting, fishing, and gathering
activities (Council of Canadian Academies, 2014; Government of the Northwest
Territories, 2008a). The Government of the Northwest Territories (GNWT) and local
communities have highlighted decreased food security as a likely impact of climate
change, and alterations to the fire regime may exacerbate this issue (Government of the
Northwest Territories, 2018; Spring et al., 2019, 2018). Local Indigenous groups have
raised concerns about the ability of forests to recover to their original condition after fire,
as burns impact wildlife habitat and, as a result, hunting and gathering activities (Spring
et al., 2019). The impacts of fire on local ecosystems and wildlife are also of interest to
NWT wildlife managers.
Implications for wildlife managers
Alteration of northern fire regimes due to climate change presents a challenge to
local wildlife managers, particularly those charged with designating conservation areas
for wildlife habitat. This is especially a concern for woodland caribou, which requires
large patches of mature forest to sustain healthy populations and is designated as
threatened both in the NWT and federally (COSEWIC, 2014; Government of the
Northwest Territories, 2017). The first objective of the Recovery Strategy for the Boreal
Caribou (Rangifer tarandus caribou) in the Northwest Territories is to conserve enough
quality caribou habitat to maintain sustainable populations of this species across the
NWT (Government of the Northwest Territories, 2017). The 2017 recovery strategy also
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highlights several questions and knowledge gaps about caribou, including the need to
understand habitat regeneration in the NWT and when disturbed areas again become
suitable for caribou use (Government of the Northwest Territories, 2017). The risk that an
increased fire frequency will push the amount of mature forest available to this species
below viable levels, has led to discussions about whether fire suppression should be
employed to protect caribou habitat. It is notable however, that, seemingly in
contradiction with prior research, boreal caribou in the NWT have been observed using
young burn sites (Government of the Northwest Territories, 2017; Nagy et al., 2005). As
mentioned previously, traditional knowledge from the Dehcho region suggests that
caribou may use young burn areas during summer to access fresh growth of plants and
mushrooms (Species at Risk Committee, 2012a). Further information about when
different forage types become abundant after fire may aid wildlife managers to predict
where caribou are likely to use younger burns with implications for habitat conservation.
Another knowledge gap highlighted in the 2017 caribou recovery strategy is the
need to know more about predator-prey dynamics and, specifically, whether apparent
competition between caribou and other species occurs in the NWT (Government of the
Northwest Territories, 2017). Apparent competition takes place when the presence of
multiple species in an area causes a decrease in the population of both (Holt, 1977). This
definition is often applied to scenarios where two species have a shared predator, causing
increased abundance of one to increase predation risk for both (Holt, 1977). An example
of this is the relationship between caribou, moose, and wolves in more southerly boreal
regions. Moose serve as the main prey source for wolves in many areas and, as a result,
wolf predation on caribou tends to increase in locations where moose and caribou ranges
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overlap (James et al., 2004; Seip, 1992). It is unclear whether this process occurs in the
NWT, and more information is needed on the use of different habitat types by caribou
and other species to answer this question. As previously mentioned, potential overlap of
caribou and bear habitat is also important to examine due to the increased risk of
opportunistic predation.

Research questions and chapter outline
It is clear that more information is needed about the recovery of boreal forests
after fire and the influence of this process on the wildlife. My project aims to help
address these knowledge gaps through the following research questions:
1. What are the main forage types consumed by boreal wildlife and how much
dietary overlap is there among taxa?
2. How does time after fire affect boreal vegetation recovery and how do
environmental factors mediate recovery processes?
3. Can information on post-fire community assembly processes be used to anticipate
periods of habitat selection by different boreal wildlife taxa and where overlap in
timing of use may occur?
The following two chapters address these questions in detail and are designed as
independent manuscripts for future publication. Chapter 2 is a literature review of
wildlife diet in boreal North America identifying knowledge gaps and assessing dietary
overlap among wildlife taxa. Chapter 3 examines vegetation recovery after fire with a
focus on favoured wildlife forage (identified in Chapter 2) and uses this information to
anticipate when focal wildlife taxa are likely to use burned areas. The final chapter of this

12

document provides a summary of my results and discusses the relation of my project to
Wilfrid Laurier University (WLU) program objectives and the wider research
community, as well as suggestions for future research.
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Chapter 2: Literature Review – Wildlife Forage and Potential
Dietary Overlap in Boreal North America
Introduction
Forage availability is an important driver of habitat selection in boreal North
America (Brodeur et al., 2008; Metsaranta et al., 2003; Renecker and Hudson, 1992).
Wildlife such as woodland caribou, moose, and black bear consume a variety of forage
types, including terrestrial and aquatic plants, lichens and fungi (Jung et al., 2015;
Romain et al., 2013; Species at Risk Committee, 2012). Wildlife diets tend to vary
seasonally as different species or growth forms of vegetation become available (Bergerud
and Nolan, 1970; Mosnier et al., 2008; Seccombe-Hett and Turkington, 2008). Animals
may also select different habitats during calving or other sensitive periods to reduce
predation risk (McCulley et al., 2017; Miquelle and Van Ballenberghe, 1989; Skatter et
al., 2017) which can impact seasonal diet.
Though each species has its own preferences, there is some dietary overlap
amongst different animals. For example, Salix spp. are known to be consumed by
woodland caribou (Rangifer tarandus caribou), moose (Alces alces), snowshoe hare
(Lepus americanus), and wood bison (Bison bison athabascae) in the boreal forest
(Denryter et al., 2017; Risenhoover, 1989; Seccombe-Hett and Turkington, 2008;
Waggoner and Hinkes, 1986). This raises the potential for both direct competition for
food resources and apparent competition due to increased predation risk in areas with
multiple prey species (Holt, 1977). Increased predation risk is also a concern in areas
containing vegetation favoured by both prey species and a large omnivore, such as black
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bear (Ursus americanus). Black bears tend to select habitats to maximize plant forage
availability but will depredate taxa such as caribou opportunistically (Bastille‐Rousseau
et al., 2011; Latham et al., 2011).
This chapter serves as a literature review of wildlife forage in boreal North
America focussing on the following research questions:
1. What are the main forage types consumed by moose, woodland caribou, black bear,
wood bison, snowshoe hare, and muskox (Ovibos moschatus) in boreal North
America and how does diet vary throughout the year?
2. How much dietary overlap is there among these wildlife taxa?
3. What are current knowledge gaps concerning wildlife diet in boreal North America?
The chapter includes short summaries of the main forage types and seasonal patterns
in consumption for moose, woodland caribou, black bear, wood bison, snowshoe hare,
and muskox in boreal North America. The amount of forage overlap among these animals
is then visualized and discussed. Knowledge gaps related to specific species are listed at
the end of each section and summarized at the end of the review.

Methods
Wildlife taxa selection
Animal species for review were chosen based on their interest to northern
communities and wildlife managers. Moose, caribou, and snowshoe hare are important
culturally and used for subsistence in boreal areas (Bordeleau et al., 2016; Legat and
Chocolate, 2012; Spring et al., 2018). Woodland caribou and wood bison are also of
special interest to wildlife managers due to their status as species at risk (COSEWIC,
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2014, 2013). Black bear was selected as an opportunistic predator of moose and caribou
(Bertram and Vivion, 2002; Merkle et al., 2017) to determine if shared forage preferences
might increase predation risk for these taxa. Though generally known as a tundra species,
muskox was selected as its range is expanding south and it has been observed within
boreal caribou habitat, raising questions about potential competition between the two
(Adamczewski in Kutz et al., 2017; Species at Risk Committee, 2012).
Literature review methods
Wilfrid Laurier University Library online catalogue, Google Scholar, and Web of
Science were used to search for dietary literature using the English and Latin name for
each animal taxa and keywords such as “diet”, “forage”, “food”, “consumption”,
“boreal”, “Northwest Territories”, “Alaska”, “Yukon”, or “Northern.” Keywords or
phrases were also entered into Google search to find technical documents that were not
included in these databases. Some primary literature not identified via database searches
was also suggested by northern wildlife biologists familiar with the project. Research was
initially focussed on studies from the Yukon Territory (the Yukon), Northwest Territories
(NWT), and Alaska, but there was insufficient literature available for these regions to
undertake a thorough review for all species. Because of this, studies from more southerly
and easterly boreal areas were also included, though information from northwestern
North American is highlighted in the results where possible. For muskox, there was no
literature available in any boreal habitat, so tundra studies were used. Research from
outside of North America were also used for muskox due to the scarcity of dietary studies
for this species. “Woodland caribou” includes two subgroups, boreal caribou and
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mountain caribou, and dietary studies for both were used. In total, 67 dietary studies were
included in this review (see Table 2.2).
Data set development
For each study, season-specific dietary information was recorded for wildlife taxa
including forage type and, when available, the level of consumption/selection and the
parts of the plant that were eaten (foliage, twigs, bark, or berries). Dietary information
that was not associated with a particular season was entered under a separate category.
Forage types were recorded to the finest level of taxonomic detail available (species,
genus, family, or functional group) and the study location identified (province, territory,
or state). Conclusions that were considered relevant, but did not directly relate to which
forage types were consumed (e.g., “Only 10.2% overlap found between caribou and bison
diets”), were also noted along with any other information of interest.
Statistical analysis
Statistical analyses were completed in R-3.6.1 (R Core Team, 2019) and ggplot2
(Wickham, 2016) was used for all graphs. To assess the amount of forage overlap among
species, the vegan package (Oksanen et al., 2019) was used to perform principle
coordinate analysis (PCoA) on forage type presence/absence data using Jaccard distance.
PCoA was chosen due to the complicated nature of our data set, which combined
information from a diverse selection of dietary studies. Ordinations, such as PCoA, allow
for the visual assessment of trends in multivariate data without the restrictions associated
with hypothesis testing techniques such as sample independence. Data were converted
into a form suitable for ordination as follows: a table was created with individual studies
as rows and forage types (functional group, family, genus, or species) as columns.
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Studies covering multiple seasons or animal species were given separate rows for each.
Forage types were assigned a value of 1 if they were identified as forage in a study, and 0
if they were not included or if consumption was noted as < 1% or “trace.” Data on forage
types was entered at the finest taxonomic level available. For example, if a study noted
both “sedges” and “Carex atherodes” as being consumed, only the latter would receive a
“1” (Table 2.1). An exception to this was that all Cladina/cladonia species were entered
as “reindeer lichen.” This was done because caribou were the only focal animal noted to
consume these forages, and thus it was not considered necessary to separate many closely
related lichen species to illustrate dietary separation of caribou from other wildlife. Also,
reindeer lichens were commonly only identified to the genus level in the literature. Picea
spp. (spruce), Abies spp. (fir), and Pinus spp. (pines) were also lumped under their genus
as no information was found indicating differing preferences among wildlife for the
common boreal species within these genera. Forages identified to the species level which
only occurred once in the data set did not receive their own column, both to reduce the
effect of rare species on results, and because single observations were not considered
particularly relevant when assessing general trends in dietary overlap. Instead, these
species were either included as a presence at the genus level or, if they were the only
occurrence of their genera, excluded from the data set.
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Table 2.1: Simplified example of data format used for ordination of forage studies for
wildlife species in boreal North America based on literature review. A value of “1”
indicates that a particular forage type was noted within the referenced study, and “0”
means that it was not. Note that this is an example only and not generated from actual
data.
Point

Study

Species

Season

Picea spp.

Graminoids

Moose1
Bison1a
Bison1b

Tall 2010
Brown 2004
Brown 2004
White and
Brown 1990
White and
Brown 1990

Moose
Bison
Bison
Snowshoe
hare
Snowshoe
hare

Summer
Summer
Winter

0
0
0

1
0
0

Carex
atherodes
0
1
1

Summer

0

1

0

Winter

1

1

0

Hare1a
Hare1b

To assess dietary differences attributable to study location, animal species, and
season the PCoA axis scores were extracted for axes 1 and 2 and used as response
variables in gaussian generalized linear mixed effects models fit using package
glmmTMB (Brooks et al., 2017). Axis scores were modelled as a function of species,
season and location. Study was included as a random effect to account for the lack of
independence among multiple values from a single study. The DHARMa package
(Hartig, 2020) was used to plot the normalized residuals and create qq-plots to assess the
suitability of model family. The Performance package (Lüdecke et al., 2020) was used to
check the Variance Inflation Factor (VIF) and normality of random effects using the
check_model() function. Species and location had VIF scores >5 and, as a result, were
considered overly collinear. This was because the diets of individual wildlife species
have often received more research in some areas than others. For example, nearly all
snowshoe hare dietary studies were based in either the Yukon or Alaska. To account for
collinearity, location was dropped from the models, as differences among locations were
considered less relevant to our research questions than those amongst species.
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Note that muskox was not included in statistical analysis because no information
was found regarding muskox diet in boreal areas.

Results and discussion
Though there is some overlap, moose, woodland caribou, wood bison, snowshoe
hare and black bear appear to have fairly distinct dietary specializations in boreal North
America (for a full list of forage types consumed/selected by each species, see Appendix
2.1). There were clear differences in the seasonal diet for all species meaning that the
level of overlap likely also depends on the time of year. Notably, caribou and black bear
diets appear to have the most overlap in summer - fall, which may increase predation risk
for caribou calves during this season. In addition, caribou and moose diet is most similar
during summer, potentially increasing the risk of direct or apparent competition between
these species. The amount of dietary information available varied greatly by wildlife taxa,
season, and geographic region.
Table 2.2: Studies used (citations) for each dietary group used in this literature review of
wildlife diet in boreal North America (n = 67). Documents are sorted by animal species
and location. Note that some studies contained dietary information for multiple animal
taxa.
Location

Yukon
Alberta
British Columbia
Quebec

Studies
Moose (n = 17)
Miquelle and Van Ballenberghe, 1989; Molvar et
al., 1993; Oldemeyer, 1983; Reichardt et al., 1984;
Risenhoover, 1989; Shively et al., 2019; Van
Ballenberghe et al., 1989; Zhou et al., 2017
Jung et al., 2015
Renecker and Hudson, 1985
Eastman, 1977; Rea, 2014
Crête and Courtois, 1997; Joyal and Schrerrer, 1978

Review/book – multiple
locations

Bryant and Kuropat, 1980; Renecker and Schwartz,
2007; Timmermann and McNicol, 1988

Alaska
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Caribou (n = 18)
Galloway et al., 2012; Legat and Chocolate, 2012;
Northwest Territories
Species at Risk Committee, 2012
Yukon
Fischer and Gates, 2005; Jung et al., 2015
Alberta
Thomas et al., 1996
Cichowski, 1989; Denryter et al., 2018, 2017;
British Columbia
Johnson et al., 2000
Newfoundland
Bergerud, 1974, 1972; Bergerud and Nolan, 1970
Newmaster et al., 2013; Thompson et al., 2015,
Ontario
2012; Wilson, 2001
Review – multiple locations
Launchbaugh and Urness, 1992
Wood bison (n = 10)
Alaska
Waggoner and Hinkes, 1986
Larter, 1988; Larter et al., 2000; Larter and Gates,
Northwest Territories
1991; Reynolds et al., 1978; Species at Risk
Committee, 2016
Fischer and Gates, 2005; Jung, 2015; Jung et al.,
Yukon
2015
Manitoba
Leonard et al., 2017
Snowshoe hare (n = 15)
Elliott, 1998; Oldemeyer, 1983; Olnes and Kielland,
Alaska
2016; Reichardt et al., 1984; Wolff, 1978; Zhou et
al., 2017
Hodges and Sinclair, 2011; Hodges, 2000; Krebs et
al., 1986; Peers et al., 2018; Rodgers and Sinclair,
Yukon
1997; Seccombe-Hett and Turkington, 2008;
Sinclair and Smith, 1984; Smith et al., 1988
Review – multiple locations
Bryant and Kuropat, 1980
Black bear (n = 7)
Alaska
Hatler, 1967; Jacoby et al., 1999
Yukon
MacHutchon, 1989
British Columbia
Merkle et al., 2017
Ontario
Romain et al., 2013
Quebec
Lesmerises et al., 2015; Mosnier et al., 2008
Muskox (tundra areas, n = 6)
Alaska
Gustine et al., 2011; Ihl and Klein, 2001
Alaska/Russia
Klein et al., 1993
Northwest Territories
Larter and Nagy, 2004, 1997
Greenland
Klein and Bay, 1991
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Moose (Alces alces)
In a sentence: Moose primarily consume deciduous trees and shrubs, particularly Salix
spp., Betula spp., and Populus tremuloides.
Moose occur throughout boreal North America and consume a variety of forage
species including coniferous and deciduous trees and shrubs, graminoids, forbs, and
aquatic plants (Joyal et al., 1978; Jung et al., 2018; Timmermann and McNicol, 1988).
However, moose generally prefer deciduous trees and shrubs, notably Salix spp. (willow),
Betula spp. (birch), and Populus spp. (poplar - especially P. tremuloides – trembling
aspen) which are commonly found to be a dominant component of moose diet throughout
the year (e.g., Renecker and Schwartz, 2007; Risenhoover, 1989; Shively et al., 2019).
Alnus spp. (alder) is also important in some parts of Alaska and other deciduous taxa such
as Acer spp. (maple), Cornus stolonifera (red-osier dogwood), and Prunus pensylvanica
(pin cherry) are significant components of moose diet in the more southerly boreal
regions of British Columbia and Quebec (Eastman, 1977; Joyal et al., 1978; Zhou et al.,
2017). Moose consume the leaves, stems, and bark of favoured deciduous taxa depending
on season and availability (Miquelle and Van Ballenberghe, 1989; Shively et al., 2019).
Selection may be influenced by both the size and developmental stage of trees or shrubs.
Reichardt et al. (1984) found that moose tended to select mature or near mature-growth
form saplings, over juveniles of Betula neoalaskana (a sister species of Betula papyrifera
– paper birch) due to lower investment in defensive compounds in the plant tissues. They
also noted that moose preferred shrubs 3-4 m tall over smaller individuals, a finding
reinforced by Zhou et al. (2017) who found that that moose browsing intensity increased
with shrub height. Though deciduous forage remains an important food source
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throughout the year, the composition of moose diet and methods of feeding vary
seasonally (Miquelle and Van Ballenberghe, 1989; Renecker and Hudson, 1985;
Renecker and Schwartz, 2007).
There is limited research available on the spring diet of moose in boreal North
America. However, what there is suggests that spring diet tends to be dominated by the
twigs and bark of deciduous trees and shrubs (Eastman, 1977; Miquelle and Van
Ballenberghe, 1989; Renecker and Hudson, 1985). Bark stripping is generally most
common during spring, with moose using bark both prior to green up and during calf
rearing in May-June (Miquelle and Van Ballenberghe, 1989; Renecker and Hudson,
1985). In their review of bark consumption, White (2019) states that bark stripping
animals consume the underlying cambium in order to access the nutrient and protein rich
phloem within it. In Alaska, Salix spp. (especially S. bebiana), and Populous tremuloides
are the most selected species for bark stripping followed by Populus balsamifera (balsam
poplar) and Alnus crispa (green alder) (Miquelle and Van Ballenberghe, 1989). However,
Miquelle and Van Ballenberghe (1989) noted that bark made up < 4% of Alaskan moose
diet and its consumption appeared to be largely in response to limited availability of more
favoured forage types. Female moose consume significantly more bark than males, likely
due in part to calf rearing when females may select habitat that emphasizes protective
cover over high quality forage (Miquelle and Van Ballenberghe, 1989). In addition to
twigs and bark, research in central British Columbia found that moose consume selected
graminoids and forbs during spring such as Equisetum spp. (Horsetails) (Eastman, 1977).
During the summer months, moose feed mostly on the leaves of favoured
deciduous taxa (Renecker and Hudson, 1985; Renecker and Schwartz, 2007). Woody
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deciduous stems may also be consumed, as well as smaller amounts of grasses, sedges,
rushes, and lichen (Jung et al., 2015; Shively et al., 2019). Salix and Betula spp. are
commonly cited as primary summer forage taxa in habitats ranging from southern
Quebec to Alaska, with location-specific differences in the contributions of other
deciduous species (Eastman, 1977; Joyal and Schrerrer, 1978; Shively et al., 2019;
Timmermann and McNicol, 1988). Van Ballenberghe et al. (1989) found that Salix spp.
alone made up 80-85% of moose summer diet in Denali National Park (Alaska).
Studies of fall diet in central Alberta and British Columbia suggest that moose
select for plants that remain green later in the season, such as Cirsium arvense (Canada
thistle - forb) while also continuing to consume favoured deciduous woody taxa
(Eastman, 1977; Renecker and Hudson, 1985). In winter, when fresh leaves are
unavailable, moose largely rely on the woody stems of deciduous species for food
(Renecker and Hudson, 1985; Renecker and Schwartz, 2007). Risenhoover (1989) found
that Salix spp. made up more than 94% of the January to April diet of moose in subalpine
habitats in Alaska. In more southerly boreal regions, Abies lasiocarpa (subalpine fir) and
A. balsamea (balsam fir) are also frequently consumed during winter, and may serve as
the dominant forage during this season (Crête et al., 2001; Rea, 2014; Timmermann and
McNicol, 1988). Moose may also eat leaf litter and strip bark from trees and shrubs
during the colder months (Miquelle and Van Ballenberghe, 1989; Renecker and Hudson,
1985).
Knowledge gaps
•

There are relatively few studies available on the spring and fall diet of boreal
moose.
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•

Further research on moose diet in the Yukon and the Northwest Territories is
suggested, particularly below the tree line, as the majority of studies are from
further south or Alaska.

Woodland Caribou (Rangifer tarandus caribou)
In a sentence: Lichen, especially reindeer lichen (Cladonia/Cladina spp.) is extensively
used in winter and often dominates caribou diet year-round.
Woodland caribou consume a variety of forage types. However, lichens are
especially important and can comprise from 30% to more than 70% of caribou diet
depending on season and location (Jung et al., 2015; Legat and Chocolate, 2012; Thomas
et al., 1996; Thompson et al., 2015). Terrestrial lichens, notably “reindeer lichens”
(Cladina/Cladonia spp.) are particularly favoured (Fischer and Gates, 2005; Newmaster
et al., 2013; Thompson et al., 2015). Arboreal lichens such as Usnea, Alectoria, and
Bryoria are also consumed; but generally to a lesser extent than terricolous lichens
(Bergerud and Nolan, 1970; Fischer and Gates, 2005; Thompson et al., 2015). Caribou
diet may also include deciduous shrubs, certain mosses (e.g., Pleurozium schreberi – redstemmed feathermoss), sedges, grasses, forbs, conifer needles, and mushrooms (Denryter
et al., 2017; Legat and Chocolate, 2012; Thomas et al., 1996; Thompson et al., 2015), the
importance of which vary seasonally.
The spring diet of caribou reflects the environmental changes that occur during
this time of year. Research from Ontario and Newfoundland suggests that lichen can
make up over half of early spring diet (Bergerud and Nolan, 1970; Thompson et al.,
2015, 2012) followed by smaller proportions of bryophytes, graminoids, forbs, and
evergreen shrubs (Bergerud and Nolan, 1970; Thompson et al., 2015, 2012). However, as
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the season progresses caribou consume greater amounts of these non-lichen food
resources (Bergerud and Nolan, 1970; Thompson et al., 2015). Caribou may also eat
unspecified aquatic vegetation during spring (Species at Risk Committee, 2012a).
During summer, deciduous taxa become a dominant forage type in parts of the
NWT, Yukon, Newfoundland, and BC as caribou take advantage of the fresh leaves that
are available (Bergerud and Nolan, 1970; Denryter et al., 2018; Jung et al., 2015; Legat
and Chocolate, 2012; Species at Risk Committee, 2012a). Some commonly consumed
shrubs include Salix spp., Betula spp., Vaccinium spp. (blueberry/cranberry), and Alnus
spp. (Bergerud, 1972; Denryter et al., 2018, 2017; Legat and Chocolate, 2012; Species at
Risk Committee, 2012a). Research from northern BC and Newfoundland indicates that
shrubs can surpass lichen as the most consumed/selected summer forage type (Bergerud
and Nolan, 1970; Denryter et al., 2018, 2017). However, terrestrial lichens remain an
important part of caribou summer diet, and persist as the most consumed/selected forage
in parts of boreal Ontario and the Yukon (Jung et al., 2015; Thomas et al., 1996;
Thompson et al., 2015). Caribou also eat fungi during the summer and have been
observed using young burn scars to access fresh growth of regenerating plants and
mushrooms (Bergerud, 1972; Launchbaugh and Urness, 1992; Species at Risk
Committee, 2012; Thompson et al., 2015). Graminoids are commonly consumed during
summer (Denryter et al., 2018; Jung et al., 2018; Legat and Chocolate, 2012). However,
the extent of graminoid consumption can vary greatly by location, from only ~5% of
summer diet in Ontario to ~34% in parts of the Yukon (Jung et al., 2015; Thompson et
al., 2015). Denryter et al. (2017) found that Elymus innovatus (hairy wildrye) was the
only selected graminoid in their BC study area; however research from the NWT and the

26

Yukon indicates that caribou also eat sedges during summer (Jung et al., 2015; Legat and
Chocolate, 2012; Species at Risk Committee, 2012a). In addition, selected forbs, such as
Aster spp. (aster) and Maianthemum spp. (Solomon’s seal/lily-of-the-valley) are
consumed in parts of the Yukon, Ontario, and BC (Denryter et al., 2017; Jung et al.,
2018; Thompson et al., 2015) and Jung et al. (2015) found that mosses made up 11.8% of
summer diet in the Yukon Cordillera. Caribou in Newfoundland have also been observed
eating aquatic vegetation such as Utricularia minor (bladderwort) during summer
(Bergerud, 1972).
In Newfoundland, caribou continue to feed on evergreen shrubs such as
Empetrum nigrum (crowberry) after deciduous overstory leaf senescence in fall, while
lichen consumption increases (Bergerud, 1972). Fungi may also serve as an important
food source during fall, comprising up to 45% of caribou diet in boreal Alaska
(Launchbaugh and Urness, 1992). The winter diet of caribou is dominated by lichens
(Fischer and Gates, 2005; Jung et al., 2015; Legat and Chocolate, 2012; Thompson et al.,
2015). Terrestrial lichens tend to be most frequently consumed followed by smaller
proportions of arboreal lichens, although the reverse is true in Newfoundland (Bergerud,
1972; Cichowski, 1989; Fischer and Gates, 2005; Wilson, 2001). Thompson et al. (2015)
found that Cladina spp. alone made up 76% of caribou winter diet in northern Ontario.
Caribou will also consume the twigs and buds of deciduous shrubs, as well as conifer
needles during winter (Bergerud, 1972; Thomas et al., 1996). Smaller amounts of
grasses, sedges, rushes, mosses (including Sphagnum spp. - peatmoss), and forbs are also
eaten with the relative proportion of each varying by location (Fischer and Gates, 2005;
Thompson et al., 2015).
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Knowledge gaps
•

There is less research available on woodland caribou diet in the Yukon,
Northwest Territories, and Alaska than in more easterly and southerly areas.

•

There are relatively few studies available that document the spring and fall dietary
preferences of woodland caribou.

Wood bison (Bison bison athabascae)
In a sentence: Wood bison will eat shrubs, but sedges and grasses tend to make up the
majority of their diet.
The main forage types consumed by wood bison can vary greatly by location
(e.g., contrast results of Larter, 1988 to those of Waggoner and Hinkes, 1986). However,
graminoids, particularly sedges, tend to dominate bison diet throughout the year (Larter,
1988; Reynolds et al., 1978; Species at Risk Committee, 2016). A wide variety of Carex
spp. (“true” sedges) are consumed, with Carex atherodes (awned sedge) commonly noted
as the most significant or preferred taxa (Fischer and Gates, 2005; Larter, 1988; Larter
and Gates, 1991; Reynolds et al., 1978; Species at Risk Committee, 2016). Wood bison
also feed extensively on grasses, most notably Calamagrostis spp. (reedgrass) (Reynolds
et al., 1978; Species at Risk Committee, 2016). In addition, deciduous shrubs make up an
important part of bison diet in some areas, ranging from 5.2% of summer diet in the
Yukon Cordillera to 94% of summer diet in parts of Alaska (Jung, 2015; Jung et al.,
2015; Larter, 1988; Larter and Gates, 1991; Waggoner and Hinkes, 1986). Bison may
also eat forbs, lichens, and mosses with the proportion of different forage types varying
significantly by both habitat and season (Jung et al., 2015; Larter, 1988; Waggoner and
Hinkes, 1986).
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New growth of grasses and sedges tend to be the primary forages for bison during
spring (Species at Risk Committee, 2016). Reynolds et al. (1978) found that Carex
atherodes alone made up 77% of bison spring diet in the Slave River Lowlands (NWT),
followed by Calamagrostis spp. at 15%. Research in the Mackenzie Bison Sanctuary
(NWT) also indicated that sedges were the most consumed spring forage, followed by
grasses, shrubs, and small amounts of forbs and lichens (Larter, 1988). However, the
proportion of shrubs consumed varied significantly and surpassed grasses in some cases
(Larter, 1988). This is reinforced by Waggoner and Hinkes (1986) who found that shrubs
dominated the diet of Alaskan bison for much of the year (spring to fall), with Salix spp.
most consumed followed by Shepherdia spp. (buffaloberry) and Elaeagnus spp.
(silverberry).
During summer, bison continue to consume a combination of sedges, grasses, and
shrubs along with smaller amounts of forbs, mosses, and lichens (Jung et al., 2015;
Larter, 1988; Larter and Gates, 1991). The Species Status Report for Wood Bison (Bison
bison athabascae) in the Northwest Territories notes that the proportion of sedges
consumed tends to be higher in midsummer and winter than at other times of year
(Species at Risk Committee, 2016). In contrast, Leonard et al. (2017) found that bison in
boreal Manitoba avoided sedges and rushes during the summer, favouring grasses or
forbs instead. It should be noted, however, that this study took place significantly further
south than the other research referenced here.
In the fall, lichen may become a major component of bison diet. Research in the
Mackenzie Bison Sanctuary (NWT) found that lichens comprised 34-40% of fall bison
forage (Larter, 1988; Larter and Gates, 1991). Furthermore, the proportion of grasses
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consumed was highest (22-42%), and sedges lowest (7-21%) compared to other seasons
(Larter, 1988). Waggoner and Hinkes (1986) found distinct dietary variation across
habitats in Alaska, with shrubs dominating the fall diet of bison on flood plains, and
sedges and grasses being most consumed in dry lake beds. However, they also noted that
the relative proportion of grasses consumed in fall was greater across both habitat types
than at other times of year (Waggoner and Hinkes, 1986).
Sedges generally dominate bison winter diet, making up from 42% to more than
90% of consumption in the NWT (Larter and Gates, 1991; Reynolds et al., 1978).
Grasses are also known to be an important winter forage in parts of the NWT and Yukon,
with consumption ranging anywhere from 1.2% to 30.7% depending on location (Fischer
and Gates, 2005; Jung et al., 2015; Larter, 1988; Reynolds et al., 1978). Shrubs, forbs,
mosses, and lichens may also be consumed at this time of year, but generally to a lesser
extent than graminoids (Fischer and Gates, 2005; Jung, 2015; Jung et al., 2015; Larter,
1988).
Knowledge Gaps
•

Many bison studies only list forage types to the family or functional group.
Further studies including information to the genus or species level would be
beneficial.

•

Only one study discussing wood bison diet in Alaska was found, and further
research in this region would be valuable.
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Muskox (Ovibos moschatus)
In a sentence: We don’t know what muskox eat in the boreal forest.
Generally, muskox is known as a tundra species and thus would not have been
included in this review. However, muskox do occur in forested areas of the Northwest
Territories, particularly in the Sahtú region, and their range is expanding south over time
(Government of the Northwest Territories, n.d.; Adamczewski in Kutz et al., 2017;
Species at Risk Committee, 2012). The cause of this southward expansion is uncertain,
though Cuyler et al. (2020) has suggested that climate change induced alterations to
predator and forage distribution, disease, insect harassment, and weather, as well as
increased anthropogenic disturbance are likely to influence muskox demographics over
time. Unfortunately, there is currently no published research available on what muskox
eat in forested areas. However, as they are a species of interest, this section will briefly
outline current knowledge of muskox diet on the tundra. Several of the genera consumed
by muskox in the tundra are also found in boreal areas, meaning that this information
may be transferable to some extent.
Muskox forage includes a combination of graminoids, mosses, lichens, forbs, and
deciduous shrubs (Gustine et al., 2011; Ihl and Klein, 2001; Larter and Nagy, 2004).
Graminoids, particularly sedges such as Carex aquatilis (water sedge) and Eriophorum
spp. (cotton grass) are commonly noted as the most consumed/selected forage, often
followed by Salix spp. (Gustine et al., 2011; Ihl and Klein, 2001; Larter and Nagy, 2004).
However, Salix spp. are the most dominant forage in some parts of Alaska and Russia
(Klein et al., 1993). Lichens and mosses are also an important winter forage in Alaska
(Gustine et al., 2011; Ihl and Klein, 2001). In general, the proportion of each taxonomic
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group consumed by muskox can vary greatly by location and population. This is well
illustrated by Gustine et al. (2011) who examined two muskox populations in Alaska and
found that graminoids could make up anywhere from 3% to 73% of winter diet, and both
moss and lichen anywhere from 5% to ~50%. Ihl and Klein (2001) suggested that,
although muskox prefer graminoids, feeding site selection may be a trade-off between
graminoid availability and areas with softer, shallower snow for ease of cratering.

Knowledge gaps
•

There is currently no published research available about muskox diet in the boreal
biome.

Snowshoe hare (Lepus americanus)
In a sentence: Deciduous shrubs are often most favoured, although spruce may dominate
hare diet during winter.
Snowshoe hare diet is highly influenced by the types of forage available in a
particular location (Hodges, 2000). In the boreal forests of Alaska and the Yukon, hare
diet is comparable to that of moose. Deciduous shrubs, particularly Salix spp., often
dominate consumption year-round (Elliott, 1998; Seccombe-Hett and Turkington, 2008;
Zhou et al., 2017). Betula spp. and Populus spp. are also widely consumed and both may
be preferred over Salix spp. when available (Hodges, 2000; Oldemeyer, 1983; Sinclair
and Smith, 1984; Smith et al., 1988). In addition, Wolff (1978) found that Alnus spp. and
Vaccinium spp. made up a significant proportion of seasonal diet in interior Alaska.
However, unlike moose, the coniferous tree Picea spp. is often a dominant forage for
snowshoe hare during the fall and winter (Seccombe-Hett and Turkington, 2008; Sinclair
and Smith, 1984; Wolff, 1978). Other conifers such as Abies spp. and a variety of pines
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including Pinus contorta (lodgepole pine) and Pinus banksiana (Jack pine) may also be
consumed when available (Bryant and Kuropat, 1980; Olnes and Kielland, 2016).
Grasses, forbs, and, periodically, carrion are also eaten, with the relative proportion of
each varying by season and location (Elliott, 1998; Hodges and Sinclair, 2011; Peers et
al., 2018; Seccombe-Hett and Turkington, 2008).
There is little information available about the spring diet of snowshoe hares in
boreal North America. However, Wolff (1978) noted that hares in interior Alaska
consumed significant amounts of Picea mariana (black spruce), Vaccinium spp., and
Equisetum spp. during April and May. During summer, deciduous shrubs tend to
dominate hare diet (Elliott, 1998; Seccombe-Hett and Turkington, 2008; Wolff, 1978).
Salix spp. often dominate summer forage, followed by other deciduous taxa including
Betula spp. and Alnus spp. (Elliott, 1998; Seccombe-Hett and Turkington, 2008; Wolff,
1978). Certain forbs, including Lupinus arcticus (arctic lupine), and grasses such as
Festuca spp. (fescue) have also been noted as primary summer forages in the Yukon
(Hodges and Sinclair, 2011; Seccombe-Hett and Turkington, 2008). Hare may eat Picea
spp. during summer, but generally at much lower levels than in the colder months
(Elliott, 1998; Wolff, 1978).
During fall and winter, Picea spp. become a dominant part of snowshoe hare diet
in Alaska and the Yukon (Elliott, 1998; Seccombe-Hett and Turkington, 2008; Wolff,
1978). Both Elliott (1998) and Wolff (1978) found that spruce accounted for ~40-50% of
hare consumption in Alaska during these seasons. Hare also eat the twigs of deciduous
shrubs, particularly Salix spp., Betula spp., Populus spp., and Alnus spp. during the colder
months (Seccombe-Hett and Turkington, 2008; Sinclair and Smith, 1984; Wolff, 1978).
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Salix spp. and Picea spp. (both twigs and bark) are selected during winter, when more
favoured taxa such as Betula spp. may be absent or snow covered (Hodges, 2000; Smith
et al., 1988). Mature branches of both Picea spp. and deciduous species are generally
preferred over juveniles (Reichardt et al., 1984; Sinclair and Smith, 1984). In addition,
Elliott (1998) indicated that small amounts of forbs (2%) and graminoids (trace) were
eaten during winter in Alaska and Peers et al. (2018) found that hare consumption of
carrion was greatest during this season, likely due to decreased plant forage availability
and protein content.
Knowledge gaps
•

No studies of snowshoe hare diet in the Northwest Territories were found.

•

There is very little data available on the spring and fall diets of snowshoe hare.

Black bear (Ursus americanus)
In a sentence: Black bears are omnivorous and highly flexible in terms of diet, but
particularly select for berries when available.
Black bears are a highly flexible species whose diets may vary widely to fit what
is available. Boreal black bears can act as both scavengers and predators, consuming fish,
insects, and terrestrial vertebrates including both moose and caribou (Hatler, 1967;
Jacoby et al., 1999; MacHutchon, 1989; Mumma et al., 2019). However, plants generally
dominate black bear diet throughout the non-denning period (Hatler, 1967; Jacoby et al.,
1999; MacHutchon, 1989; Mosnier et al., 2008). Black bears den during the winter so
diet during this season is not relevant or discussed.
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In spring, black bears consume a variety of green vegetation including forbs,
shrubs, and graminoids as well as overwintered berries when available (Hatler, 1967;
Lesmerises et al., 2015; MacHutchon, 1989; Romain et al., 2013). The term “green
vegetation” is commonly used to describe fresh plants or parts of plants that are green,
such as fresh forbs and shrub foliage. Bears also eat varying amounts of meat and insects,
most notably ants, during both the spring and summer (Lesmerises et al., 2015;
MacHutchon, 1989; Romain et al., 2013). The term “meat” is used here as most bear
dietary studies are based on techniques such as scat and hair analysis, and do not specify
whether a carcass was hunted or scavenged. Green vegetation often dominates spring
diet, including forbs, graminoids, and foliage, although the species and proportion of each
taxonomic group can vary greatly by location (Hatler, 1967; Romain et al., 2013). In the
southern Yukon, bears were found to consume Equisetum spp. (50.4% of spring diet)
followed by Arctostaphylos uva-ursi (bearberry - 27.4% ) and Empetrum nigrum (5.9%)
(MacHutchon, 1989). Hatler (1967) also found that Equisetum spp. were the dominant
spring forage for bears in Alaska.
During summer, bears continue to consume graminoids and other green
vegetation (MacHutchon, 1989; Merkle et al., 2017; Mosnier et al., 2008). In addition, a
study by Merkle et al. (2017) in Northwest BC indicated that a combination of moose,
beaver (Castor canadensis), and caribou meat made up 57% of consumption in their area.
Berry species such as Vaccinium spp. and Shepherdia canadensis (soap berry), become
an increasingly significant part of bear diet as they become available, to the point where
they become dominant food sources in locations ranging from Quebec and Ontario to the
Yukon, and may remain so until bears den for the winter (MacHutchon, 1989; Mosnier et
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al., 2008; Romain et al., 2013). A study by MacHutchon (1989) in the southern Yukon
indicated that Shepherdia canadensis was the most consumed summer forage, followed
by Equisetum spp. However, black bears are known to eat a wide variety of berry species
across their range (Appendix 2.1, Table 2.9). Boreal black bears are also known to feed
on insects and forest litter during the summer in Quebec and the Yukon (Lesmerises et
al., 2015; MacHutchon, 1989). In Alaskan regions containing suitable streams and not
overlapping with grizzly range, salmon may make up roughly half of black bear diet
during spawning (Jacoby et al., 1999), which takes place from ~ May – October in
Jacoby et al.’s study area (Alaska Department of Fish and Game, n.d.).
Fall and summer black bear diets are similar. In the fall, berries tend to dominate,
generally followed by varying amounts of green vegetation and meat or insects
depending on the location (Lesmerises et al., 2015; Mosnier et al., 2008; Romain et al.,
2013). Hatler (1967) found that Vaccinium uliginosum (bog bilberry) and V. vitis-idaea
(lowbush cranberry) were the most important berry species for Alaskan black bears
during the fall. Vaccinium uliginosum was preferred, but V. vitis-idaea consumption
increased after the former was destroyed by frost (Hatler, 1967).
Knowledge gaps
•

There is not much research in general about black bear diet in boreal North
America, particularly in terms of vegetation.

•

No black bear diet studies from the Northwest Territories were found.
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Dietary overlap among species
There appears to be a limited amount of forage overlap among the wildlife species
investigated here. All five focal animals (moose, caribou, bison, snowshoe hare, and
black bear) consumed at least some graminoids, shrubs, and forbs during the year (Table
2.3). In addition, Salix spp., Betula spp., and Poaceae spp. were at least periodically
consumed by all five, and Populus tremuloides, Alnus spp., Maianthemum spp., Picea
spp. and Cyperaceae spp. by four out of five. However, the literature clearly indicated
differing forage preferences/specializations among wildlife taxa, with moose focusing
mostly on deciduous shrubs (Eastman, 1977; Jung et al., 2015; Van Ballenberghe et al.,
1989), bison on graminoids (Larter, 1988; Reynolds et al., 1978; Species at Risk
Committee, 2016), bears preferring berries (Lesmerises et al., 2015; Mosnier et al., 2008;
Romain et al., 2013), and caribou consuming large amounts of lichen (Jung et al., 2015;
Species at Risk Committee, 2012a; Thompson et al., 2015).
Table 2.3: Functional groups consumed by moose, caribou, bison, snowshoe hare and
black bear in boreal North America according to literature review (n = 67). Note that the
amount/proportion of each functional group consumed can vary greatly by species,
season, and location.
Functional group
Trees/shrubs
Graminoids
Forbs
Mosses
Lichen
Fungi

Moose
X
X
X
X

Caribou
X
X
X
X
X
X

Bison
X
X
X
X
X

Snowshoe hare
X
X
X

Black bear
X
X
X

Moose, caribou, and bison studies separated fairly well from each other in the
PCoA (Figure 2.1). This supports the assertion that these species have distinct forage
preferences in the boreal forest and is consistent with Fischer and Gates (2005) who
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found only 10.2% overlap between bison and caribou diet in the southern Yukon, and
Jung et al. (2018) who stated that there was low overlap between moose and bison winter
habitat in the Yukon Cordillera. The forage taxa associated with moose, caribou, and
bison are consistent with those already identified. However, most bison studies were
more closely associated with multiple functional groups than with any individual species
or genera. This suggests that separation may be partially due to bison studies only
recording forage types to the family or functional group level, rather than true dietary
differences.
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Figure 2.1: Study scores for Principal Coordinate Analysis ordination using Jaccard
distance based on presence/absence of forage species within studies from a literature
review of wildlife diet in boreal North America. Studies which contained dietary
information for multiple seasons or species received a separate data point for each.
Values in brackets indicate the proportion of total variation in forage types explained by
each axis. Pane 2 illustrates the species scores for each axis, with higher species scores
further from plot origin. Definitions for abbreviations and numeric species scores can be
found in Appendix 2.3.
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Both wildlife species and season were associated with the first axis of the PCoA,
but the effect of species was generally stronger. Species alone was associated with axis 2.
These results suggest that both variables may significantly influence wildlife diet in the
boreal forest. However, given the relatively low axis scores for the PCoA (11.5% for axis
1 and 7.7% for axis 2) these results should be treated with caution as most of the variation
among studies is not being explained. Full model results can be found in Appendix 2.4.
The animals that appear to have the greatest amount of forage overlap, and hence
would be expected to occur together most often are moose and snowshoe hare. This is
consistent with research from Alaska indicating that deciduous shrubs make up the
largest component of summer diet for both species (Elliott, 1998; Oldemeyer, 1983; Van
Ballenberghe et al., 1989; Wolff, 1978). Salix spp., Betula spp., and Alnus spp. are a few
of the shrubs known to be eaten by both moose and hare (Elliott, 1998; Hodges, 2000;
Oldemeyer, 1983; Zhou et al., 2017). However, there are some notable differences
between moose and hare diet. In fall and winter, spruce is often one of the top forage taxa
for hare (Hodges, 2000; Seccombe-Hett and Turkington, 2008; Wolff, 1978), but is rarely
consumed by moose. Also, although moose will eat both graminoids and forbs (Jung et
al., 2015; Van Ballenberghe et al., 1989) these functional groups appear to be more
important for snowshoe hare in summer, with multiple studies noting various graminoid
and forb species as significant components of hare diet (from ~10% to a dominant forage)
(Elliott, 1998; Hodges and Sinclair, 2011; Seccombe-Hett and Turkington, 2008). This
means that the amount of overlap between moose and hare will likely depend on the
specific environmental conditions of an area. For example, if the availability of favoured
deciduous twigs is limited in winter, hares may migrate to areas with greater spruce
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cover, whereas moose are more likely to remain in deciduous dominated areas for bark
stripping. The amount of overlap is also expected to depend on the size distribution of
favoured deciduous forage. Though hares may gain access to twigs or foliage from larger
plants via squirrel clips or branches bent by snow (Hodges, 2000; Smith et al., 1988),
moose are generally better equipped to feed on taller individuals. This is well illustrated
in the contrast between Reichardt et al. (1984) who noted that Alaskan moose preferred
Betula neoalaskana saplings 3-4 m tall, and Smith et al. (1988) who found that snowshoe
hares in Alaska mostly consumed twigs within 50 cm of the ground.
PCoA results suggest that caribou have a fairly distinct diet from other boreal
herbivores. This is mostly due to lichen, which generally makes up a far greater
proportion of caribou diet than that of the other focal wildlife, particularly during winter
(Denryter et al., 2018; Galloway et al., 2012; Newmaster et al., 2013). Caribou is also the
only study species that has been noted to eat fungi (Denryter et al., 2017; Launchbaugh
and Urness, 1992; Species at Risk Committee, 2012a). However, a closer look at the
literature reveals that, in summer and fall, caribou often select for the leaves of deciduous
taxa such as Salix spp., Betula spp., and Vaccinium spp. (Denryter et al., 2017; Legat and
Chocolate, 2012; Species at Risk Committee, 2012a). This increases the potential for
range overlap between caribou, moose and snowshoe hare during the warmer months.
There is also some overlap between bison and caribou diet. Several studies note caribou
consumption of graminoids (Fischer and Gates, 2005; Jung et al., 2015; Legat and
Chocolate, 2012), and Larter (1988) found that lichen made up 34-40% of fall bison diet
in the Mackenzie Bison Sanctuary (NWT). However, given the differing specializations
of these taxa through most of the year (graminoids for bison and lichen for caribou) and
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the only 10.2% diet overlap identified by Fischer and Gates (2005), competition between
these species is expected to be limited.
Most black bear studies are relatively centred in the PCoA plot, suggesting that no
single plant taxon is strongly preferred. This aligns with our understanding of black bear
diet, which tends to be extremely flexible (Hatler, 1967; Jacoby et al., 1999; Romain et
al., 2013). However, our analysis does suggest substantial overlap between bear and
caribou dietary preferences (Figure 2.1). Much of the overlap in the ordination may be
due to summer/fall dietary preferences during which both bear and caribou select
Vaccinium spp. (Denryter et al., 2017; Hatler, 1967). Areas with large amounts of fruiting
Vaccinium spp. may therefore be subject to overlap between these taxa, potentially
leading to higher levels of caribou predation by bear, which would be expected to target
calves. Merkle et al. (2017) noted that black bears eat both moose and caribou during the
summer in northern BC. This is consistent with PCoA results, as ordination of studies by
season suggests that caribou and bear diet is most similar during the summer or fall (see
Appendix 2.2 for seasonal ordinations). However, the level of predation by bears is also
likely be influenced by the age of caribou calves. Mumma et al. (2019) found that
predation of caribou calves in Newfoundland was highest in the first two weeks of life,
and declined afterwards. In late summer and fall, calves would be older and berries likely
more abundant, reducing predation risk from black bear.
Another forage species that could lead to overlap between bears and herbivores is
Shepherdia canadensis. Shepherdia canadensis can comprise up to 39% of bear summer
diet (MacHutchon, 1989) and is consumed by snowshoe hares in the Yukon during both
summer and winter (Hodges, 2000; Seccombe-Hett and Turkington, 2008; Sinclair and
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Smith, 1984). Areas rich with fruiting Shepherdia canadensis may experience higher
levels of snowshoe hare predation by bears. In addition, Waggoner and Hinkes (1986)
noted that Shepherdia spp. and Elaeagnus spp. made up 28.2% of spring, and up to 40%
of the fall diet of bison in Alaska. However, there is little documented information about
black bears hunting wood bison, although traditional knowledge from the NWT suggests
that bears may hunt bison calves during spring (Species at Risk Committee, 2016).
It is important to note that the separation among species in the PCoA may be
overestimated due to the structure and variability of the data. The studies included in this
review vary significantly in taxonomic detail for the forage species. Some only provide
forage data at the plant functional group level, some to the genus, others to the species,
and some studies provide a mix of the three. This is notable as, within an ordination, a
species like Carex aquatilis is treated as completely separate from Carex spp., sedges, or
graminoids. Studies listing data to different levels would be expected to separate from
each other, even if the animals within them, in reality, were consuming identical diets.
The diverse structure of the data is likely also responsible for the relatively low amount
of variation explained by the first two PCoA axes.
The diversity and structure of study results presented some additional difficulties
when summarizing review data into a format suitable for ordination. Certain studies listed
seasonal forage types to the functional group, but also identified specific species or
genera without stating in which season they were consumed. For example, a study might
say something like “Rosa acicularis was favoured when available.” This statement may
mean that Rosa was eaten during all seasons, but it is also possible that it was only
consumed when plants possessed features such as rose hips or foliage. Another source of
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variability in the data quality was that some studies only provided information on one or
a few top forage species, while others included more extensive lists. It is understood that
it is often not possible (or in keeping with the goal of a study) to identify all consumed
forages to the genus or species level. However, provision of the maximum amount of
detail possible on forage types and the seasons in which they are consumed would aid in
refining our understanding of general dietary trends and potential overlap among boreal
wildlife taxa and we encourage future researchers to consider this when collecting data
and developing manuscripts.
Knowledge gaps
A list of knowledge gaps related to individual species can be found at the end of
each forage summary. However, some general trends and major gaps in the boreal
wildlife dietary literature will be highlighted here. First, research on the diets of the focal
animals tended to be geographically uneven (see Table 2.2, pg. 18). For example, no
studies were found concerning moose diet in the Northwest Territories, but eight Alaskan
studies were available. This trend is especially notable for species such as caribou, for
which studies are unevenly distributed across the latitudinal extent of the boreal. Since
northern and southern populations are expected to have access to different forage types
and be exposed to different stressors which may influence habitat selection and resulting
diet, this is particularly problematic.
Boreal forage research also tends to be temporally uneven, with far more studies
documenting summer and winter diet than spring and fall. The extent of this disparity
varies by species but is especially stark for snowshoe hare. In our review, only a single
study on snowshoe hare had information for spring (Wolff, 1978) and fall diet
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(Seccombe-Hett and Turkington, 2008). However, more research is needed in general on
boreal wildlife diet during these transitional seasons. There is also notably less research
on the boreal diet of some animal species than others. Most notably, there are no
published studies available on muskox diet in boreal North America. There are also
relatively few dietary studies relating boreal black bear and, of these, not all included
details on the types of vegetation consumed.

Conclusion
Boreal wildlife, including moose, woodland caribou, wood bison, snowshoe hare,
black bear, and muskox have distinct forage preferences, which can vary significantly by
both season and location. However, there is some dietary overlap among animals which
may lead to multiple taxa occurring in the same areas at certain times of year. This raises
the potential for both direct and apparent competition among herbivores, and increased
predation risk for calves in areas used by bears. Of the species examined, moose and
snowshoe hare appear to be the most likely to occur together as both consume large
amounts of deciduous shrubs (Oldemeyer, 1983; Zhou et al., 2017). Moose and caribou may
also overlap during summer or fall when the latter consumes more deciduous taxa than at
other times of year (Jung et al., 2015; Legat and Chocolate, 2012; Species at Risk Committee,
2012a). In addition, caribou shared several forage types with black bear, which may lead

to increased predation in areas where such taxa occur, though this is expected to vary
seasonally and be most prominent in late summer/fall. However, it is important to note
that forage availability is not the only variable that influences habitat selection, and
predicting where animals are likely to occur will also require examining factors such as
ease of movement, insect harassment, predation risk, thermoregulation, and
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anthropogenic disturbances such as roads (Belanger et al., 2020; Hins et al., 2009; McCulley
et al., 2017; Renecker and Hudson, 1992).

Though many of the species discussed in this document have been studied for
decades, there are still significant knowledge gaps about wildlife diet in boreal North
America. Further research into these areas would help wildlife managers understand the
needs of animals across the north and predict when the ranges of different taxa are likely
to overlap resulting in increased competition or predation risk.
It is important to consider that climate change will likely impact both forage
availability and the relationships between different wildlife taxa over time. Climate
change induced alterations to temperature, fire, and precipitation regimes (Price et al.,
2013; Veraverbeke et al., 2017) may modify the availability of different forage types
across the landscape, favouring those that are better adapted to the new conditions.
Caribou may encounter moose and bison more often as increased burning destroys lichen
food resources or creates areas rich in grasses or deciduous species adjacent to caribou
habitat. In addition, both plant and animal taxa from lower latitudes are expanding
northwards (Dawe and Boutin, 2016; Fisichelli et al., 2014), with the potential to either
benefit northern wildlife through the introduction of new food resources, or harm them
through invasion of non-palatable vegetation and increased direct or apparent competition
with species such as deer. A solid knowledge of wildlife forage preferences in boreal
North America will aid researchers to anticipate and detect changes in forage availability,
consumption, and dietary overlap over time, and what this may mean for northern
wildlife in the future.
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Appendix 2.1: Summary Tables
Moose
Table 2.4: Forage types known to be consumed by moose (Alces alces) in boreal North
America based on literature review (n = 17). The seasons when a particular forage is used
and references to the studies citing each forage type are also included. Forage types are
identified to the species, genus, family, or functional group depending on the level of
detail provided in each study. The word “general” is written in the season column when a
specified forage type was included in a study that did not identify time of year.
Species
Abies spp.

Season
Trees/Shrubs
General

Abies balsamea

Fall, winter

Abies lasiocarpa
Acer glabrum

Winter
Spring

Acer spicatum
Alnus spp.

Alnus crispa

Summer, fall, winter
General

Summer, fall, winter

Alnus crispa var. sinuata

Spring, summer

Amelanchier stolonifera

Summer, fall, winter

Betula spp.

General

Betula glandulosa

Summer

Betula papyrifera

Spring, summer, fall
winter

Cornus stolonifera

Spring, fall, winter

Reference
Bryant and Kuropat, 1980
Crête and Courtois, 1997;
Molvar et al., 1993;
Timmermann and McNicol,
1988
Eastman, 1977; Rea, 2014
Eastman, 1977
Joyal et al., 1978;
Timmermann and McNicol,
1988
Zhou et al., 2017
Miquelle and Van
Ballenberghe, 1989;
Timmermann and McNicol,
1988; Van Ballenberghe et al.,
1989
Eastman, 1977
Timmermann and McNicol,
1988
Bryant and Kuropat, 1980;
Rea, 2014
Shively et al., 2019; Van
Ballenberghe et al., 1989
Eastman, 1977; Joyal et al.,
1978; Oldemeyer, 1983; Rea,
2014; Reichardt et al., 1984;
Renecker and Schwartz, 2007;
Shively et al., 2019;
Timmermann and McNicol,
1988
Eastman, 1977; Timmermann
and McNicol, 1988
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Corylus cornuta

Summer, fall, winter

Pinus spp.

General

Populus balsamifera

Spring

Populus tremuloides

Spring, summer, fall,
winter

Prunus pensylvanica

Summer, fall, winter

Salix spp.

Spring, summer, fall,
winter

Salix alaxensis

Summer, winter,
general

Salix arbusculoides

Summer, winter

Salix bebbiana
Salix glauca
Salix lanata
Salix nonae-angliae
Salix planifolia
Sorbus americana
Symphocarpus occidentalis

Summer
Summer, winter
Summer
Summer
Summer, winter,
general
Summer, fall, winter
Fall

Timmermann and McNicol,
1988
Bryant and Kuropat, 1980
Miquelle and Van
Ballenberghe, 1989; Renecker
and Hudson, 1985
Bryant and Kuropat, 1980;
Joyal et al., 1978; Miquelle and
Van Ballenberghe, 1989;
Oldemeyer, 1983; Rea, 2014;
Renecker and Hudson, 1985;
Renecker and Schwartz, 2007;
Timmermann and McNicol,
1988
Joyal et al., 1978;
Timmermann and McNicol,
1988
Bryant and Kuropat, 1980;
Eastman, 1977; Joyal and
Schrerrer, 1978; Miquelle and
Van Ballenberghe, 1989;
Oldemeyer, 1983; Renecker
and Schwartz, 2007;
Risenhoover, 1989; Shively et
al., 2019; Timmermann and
McNicol, 1988; Van
Ballenberghe et al., 1989;
Zhou et al., 2017
Risenhoover, 1989; Van
Ballenberghe et al., 1989;
Zhou et al., 2017
Risenhoover, 1989; Van
Ballenberghe et al., 1989
Miquelle and Van
Ballenberghe, 1989; Van
Ballenberghe et al., 1989
Risenhoover, 1989; Van
Ballenberghe et al., 1989
Van Ballenberghe et al., 1989
Van Ballenberghe et al., 1989
Molvar et al., 1993;
Risenhoover, 1989; Van
Ballenberghe et al., 1989
Timmermann and McNicol,
1988
Renecker and Hudson, 1985
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Graminoids
Grasses
Sedges and rushes
Typha spp.
Athyrium filix-femina
Botrychium multifidum
Cirsium arvense
Epilobium spp.
Lobaria pulmonaria
Oplopanax horridus
Rubus idaeus var. strigosus
Aquatic plants
Lichen

Graminoids
Spring, summer
Summer, fall, winter
Summer, winter
Spring
Forbs
Fall
Fall
Fall
Summer
Winter
Spring
Fall
Other
Summer
Summer, winter

Eastman, 1977
Eastman, 1977; Jung et al.,
2015
Jung et al., 2015
Renecker and Hudson, 1985
Eastman, 1977
Eastman, 1977
Renecker and Hudson, 1985
Van Ballenberghe et al., 1989
Eastman, 1977
Eastman, 1977
Renecker and Hudson, 1985
Joyal et al., 1978
Jung et al., 2015; Rea, 2014
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Woodland caribou
Table 2.5: Forage types known to be consumed by woodland caribou (Rangifer tarandus
caribou) in boreal North America based on literature review (n = 18). The seasons when
a particular forage is used and references to the studies citing each forage type are also
included. Forage types are identified to the species, genus, family, or functional group
depending on the level of detail provided in each study. The word “general” is written in
the season column when a specified forage type was included in a study that did not
identify time of year.
Species
Lichen

Season
Lichens
Summer, winter

Arboreal lichen
Reindeer lichen

Winter
Summer, fall, winter

Terrestrial and arboreal lichen

Fall, winter, general

Alectoria spp.
Alectoria jubata
Alectoria sarmentosa
Bryoria spp.
Cetraria ciliarus

General, summer, fall,
winter
Winter
Winter
Summer, fall, winter
Winter

Cetraria/Dactylina spp.

General, summer, fall,
winter

Cladonia/Cladina spp.

Spring, summer, fall,
winter

Cladina rangiferina

General, spring, winter

Reference
Jung et al., 2015; Species
at Risk Committee, 2012
Bergerud, 1972
Bergerud, 1972
Bergerud and Nolan,
1970; Legat and
Chocolate, 2012; Species
at Risk Committee, 2012
Denryter et al., 2018,
2017; Fischer and Gates,
2005; Galloway et al.,
2012
Bergerud, 1972
Bergerud, 1972
Denryter et al., 2018,
2017; Fischer and Gates,
2005
Bergerud, 1972
Denryter et al., 2018,
2017; Fischer and Gates,
2005; Galloway et al.,
2012; Thomas et al.,
1996
Cichowski, 1989;
Denryter et al., 2018,
2017; Fischer and Gates,
2005; Galloway et al.,
2012; Johnson et al.,
2000; Thomas et al.,
1996; Thompson et al.,
2015; Wilson, 2001
Bergerud, 1974;
Bergerud and Nolan,
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Cladina stellaris

General

Cladina sylvatica

Spring, winter

Cladonia arbusculata
Cladonia mitis
Cladonia stygia
Cladonia uncialis
Evernia mesomorpha
Flavocetraria spp.
Parmelia physodes
Parmelia sulcate
Peltigera spp.
Stereocaulon spp.
Usnea spp.

Winter, spring
Winter, spring, summer,
general
Winter, spring
Winter
Spring
Summer
Winter
Winter
General, winter
General
Spring, winter

1970; Thompson et al.,
2015, 2012
Thompson et al., 2015
Bergerud, 1974;
Bergerud and Nolan,
1970
Newmaster et al., 2013
Johnson et al., 2000;
Newmaster et al., 2013
Newmaster et al., 2013
Bergerud, 1974
Thompson et al., 2012
Denryter et al., 2018
Bergerud, 1972
Bergerud, 1972
Fischer and Gates, 2005;
Galloway et al., 2012;
Thomas et al., 1996
Cichowski, 1989;
Galloway et al., 2012
Fischer and Gates, 2005;
Thompson et al., 2012

Bryophytes and Lycopods
Mosses
Aulocomnium spp.
Bryoria freemontii
Dicranum spp.
Hylocomnium spp.
Lycopodium spp.

Summer, winter
General
Winter, spring, summer
General
Spring
General

Pleurozium schreberi

General

Polytrichum spp.
Selaginella spp.
Sphagnum magellanicum

General
General
Spring

Sphagnum spp.

General, spring, winter

Fischer and Gates, 2005;
Jung et al., 2015
Galloway et al., 2012
Newmaster et al., 2013
Galloway et al., 2012
Bergerud, 1972
Galloway et al., 2012
Thompson et al., 2015,
2012
Galloway et al., 2012
Galloway et al., 2012
Thompson et al., 2012
Bergerud, 1972;
Galloway et al., 2012;
Thompson et al., 2015

Shrubs
Conifer needles/ evergreen
shrubs
Alnus crispa

Winter

Summer, fall

Bergerud, 1972;
Bergerud and Nolan,
1970; Thomas et al.,
1996
Denryter et al., 2018,
2017
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Alnus spp.
Amelanchier bartramiana
Betula spp.

Spring
Summer
General, summer

Betula glandulosa

Summer

Betula papyrifera

Summer, fall, winter

Betula pumila
Chameodaphne calyculata
Dryas spp.
Empetrum spp.
Empetrum nigrum

Summer
Fall, winter
General
General
Spring, fall, winter

Kalmia angustifolia

Fall, winter

Kalmia polifolia

Spring, fall

Larix laracina
Ledum spp.
Ledum groenlandicum

Spring
General
Fall, winter

Myrica gale
Nemopanthus mucronate
Picea spp.
Rhododendron canadense

Salix spp.

Vaccinium angustifolium

Spring
Summer
Winter
Fall

General, summer, fall

Spring, summer

Vaccinium spp.

General, summer, fall

Vaccinium uliginosum
Vaccinium vitis-idaea
Vibernum cassinoides

Summer, winter
Winter
Summer
Graminoids
Spring, summer, fall,
winter

Graminoids

Bergerud, 1972
Bergerud, 1972
Denryter et al., 2018;
Galloway et al., 2012;
Legat and Chocolate,
2012
Bergerud, 1972
Bergerud, 1972; Denryter
et al., 2017
Bergerud, 1972
Bergerud, 1974, 1972
Galloway et al., 2012
Galloway et al., 2012
Bergerud, 1974, 1972;
Bergerud and Nolan,
1970
Bergerud, 1974, 1972
Bergerud, 1972;
Bergerud and Nolan,
1970
Bergerud, 1972
Galloway et al., 2012
Bergerud, 1974, 1972
Bergerud, 1972;
Bergerud and Nolan,
1970
Bergerud, 1972
Bergerud, 1972
Bergerud, 1972
Denryter et al., 2018
2017; Galloway et al.,
2012; Legat and
Chocolate, 2012; Species
at Risk Committee, 2012;
Thomas et al., 1996
Bergerud, 1972
Denryter et al., 2018,
2017; Galloway et al.,
2012
Bergerud, 1972
Bergerud, 1974
Bergerud, 1972
Thomas et al., 1996;
Thompson et al., 2015
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Grasses

Elymus innovates

Sedges/rushes

General, summer, winter

Summer, fall

General, summer, winter

Carex spp.

Spring

Scirpus caspitosus

Spring

Fischer and Gates, 2005;
Galloway et al., 2012;
Jung et al., 2015; Legat
and Chocolate, 2012;
Species at Risk
Committee, 2012;
Thomas et al., 1996
Denryter et al., 2017
Fischer and Gates, 2005;
Galloway et al., 2012;
Jung et al., 2015; Legat
and Chocolate, 2012;
Species at Risk
Committee, 2012;
Thomas et al., 1996
Bergerud and Nolan,
1970
Bergerud, 1972;
Bergerud and Nolan,
1970

Forbs
Forbs
Aster spp.
Clintonia borealis
Clintonia uniflora
Cornus canadensis
Equisetum spp.

General, summer, winter
Summer, fall
Spring
Summer, fall
Spring
Summer, fall, winter

Lathyrus spp.
Maianthemum canadense

Summer, fall
Spring

Maianthemum trifolium*

Spring, summer

Sanguisorba canadensis
Streptopus amplexifolius

Spring
Summer, fall
Other

Fungi/mushrooms

Summer, fall, general

Fischer and Gates, 2005;
Galloway et al., 2012;
Jung et al., 2015
Denryter et al., 2017
Thompson et al., 2012
Denryter et al., 2017
Bergerud, 1972
Thomas et al., 1996;
Thompson et al., 2015
Denryter et al., 2017
Thompson et al., 2012
Bergerud, 1972;
Bergerud and Nolan,
1970; Thompson et al.,
2015
Bergerud, 1972
Denryter et al., 2017
Bergerud, 1972; Denryter
et al., 2017;
Launchbaugh and
Urness, 1992; Legat and
Chocolate, 2012; Species
at Risk Committee, 2012;
Thompson et al., 2015
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Aquatic vegetation
Nuphar variegatum
Potamogeton gramineus
Potamogeton natans
Utricularia minor
Muskrat pushups

Spring
Summer
Summer
Summer
Summer
Winter

Species at Risk
Committee, 2012
Bergerud, 1972
Bergerud, 1972
Bergerud, 1972
Bergerud, 1972
Species at Risk
Committee, 2012

*Previously known as Smilacina trifolia.
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Wood bison
Table 2.6: Forage types known to be consumed by wood bison (Bison bison athabascae)
in boreal North America based on literature review (n = 10). The seasons when a
particular forage is used and references to the studies citing each forage type are also
included. Forage types are identified to the species, genus, family, or functional group
depending on the level of detail provided in each study. The word “general” is written in
the season column when a specified forage type was included in a study that did not
identify time of year.
Species

Sedges/rushes

Season
Sedges/rushes
Spring, summer, fall,
winter

Carex aquatilus

General, winter

Carex atherodes

Spring, summer, fall,
winter

Carex capitate
Carex dandra

Winter
Winter

Carex retrorsa

General

Carex rostrata

General, winter

Carex vaginata
Carex viridula
Eriophorum vaginatum
Juncus spp.
Juncus balticus

Winter
Winter
Winter
Winter
Winter
Grasses

Grasses

Spring, summer, fall

Agrostis spp.

Spring, summer, fall

Calamagrostis spp.

Spring, summer, fall
winter

References
Jung et al., 2015; Larter, 1988;
Larter et al., 2000; Waggoner
and Hinkes, 1986
Fischer and Gates, 2005; Jung,
2015; Reynolds et al., 1978;
Species at Risk Committee,
2016
Fischer and Gates, 2005;
Larter et al., 2000; Larter and
Gates, 1991; Reynolds et al.,
1978; Species at Risk
Committee, 2016
Jung, 2015
Jung, 2015
Species at Risk Committee,
2016
Reynolds et al., 1978; Species
at Risk Committee, 2016
Fischer and Gates, 2005
Fischer and Gates, 2005
Fischer and Gates, 2005
Jung, 2015
Jung, 2015
Fischer and Gates, 2005; Jung,
2015; Jung et al., 2015; Larter
et al., 2000 2000; Leonard et
al., 2017; Waggoner and
Hinkes, 1986
Waggoner and Hinkes, 1986
Reynolds et al., 1978; Species
at Risk Committee, 2016;
Waggoner and Hinkes, 1986
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Calamagrostis canadensis
Festuca spp.
Poa spp.
“Woody browse”
Elaegnus spp.
Salix spp.

General
Spring, summer, fall
Spring, summer, fall
Other
Summer
Spring, fall
General, spring, fall,
winter

Geum aleppicum

Spring, summer, fall,
winter
Winter

Lichen

Spring, summer, fall

Mosses

Summer, winter

Forbs

Species at Risk Committee,
2016
Waggoner and Hinkes, 1986
Waggoner and Hinkes, 1986
Leonard et al., 2017
Waggoner and Hinkes, 1986
Larter, 1988; Reynolds et al.,
1978; Species at Risk
Committee, 2016; Waggoner
and Hinkes, 1986
Jung et al., 2015; Larter, 1988;
Leonard et al., 2017
Reynolds et al., 1978
Larter, 1988; Larter and Gates,
1991
Fischer and Gates, 2005; Jung
et al., 2015
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Muskox
Table 2.7: Forage types known to be consumed by muskox (Ovibos moschatus) in North
America, Russia, and Greenland based on literature review (n = 6). The seasons when a
particular forage is used and references to the studies citing each forage type are also
included. Forage types are identified to the species, genus, family, or functional group
depending on the level of detail provided in each study. The word “general” is written in
the season column when a specified forage type was included in a study that did not
identify time of year.
Species
Forbs
Legumes
Graminoids

Season
Winter
General, summer
Summer, winter, general

Grasses

Winter, general

Sedges

Summer, winter, general

Carex aquatilis
Eriophorum spp.

Summer, winter
Summer, winter

Lichens

Winter

Mosses

Winter

Shrubs

Winter

Salix arctica
Salix spp.

Summer, winter, general
General, late spring

Reference
Ihl and Klein, 2001
Klein et al., 1993; Larter
and Nagy, 2004
Gustine et al., 2011; Klein
and Bay, 1991; Larter and
Nagy, 1997
Ihl and Klein, 2001; Klein
et al., 1993
Ihl and Klein, 2001; Klein
et al., 1993; Larter and
Nagy, 2004, 1997
Larter and Nagy, 1997
Larter and Nagy, 1997
Gustine et al., 2011; Ihl
and Klein, 2001
Gustine et al., 2011; Ihl
and Klein, 2001
Gustine et al., 2011; Ihl
and Klein, 2001
Klein and Bay, 1991;
Larter and Nagy, 1997
Klein et al., 1993; Larter
and Nagy, 2004
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Snowshoe hare
Table 2.8: Forage types known to be consumed by snowshoe hare (Lepus americanus) in
boreal North America based on literature review (n = 15). The seasons when a particular
forage is used and references to the studies citing each forage type are also included.
Forage types are identified to the species, genus, family, or functional group depending
on the level of detail provided in each study. The word “general” is written in the season
column when a specified forage type was included in a study that did not identify time of
year.
Species
Abies spp.
Alnus spp.
Alnus crispa
Arctostaphylos uva-ursi

Season
Trees/shrubs
General
General
Summer, winter
Fall

Betula spp.

Summer, winter

Betula glandulosa

Summer, winter

Betula nana

General

Betula papyrifera

General

Larix occidentalis

General

Picea spp.

Spring, fall, winter

Picea glauca

General, winter

Picea mariana

Spring, summer,
general

Pinus banksiana

General

Pinus contorta

General

Pinus resinosa
Pinus strobus
Pinus sylvestris

General
General
General

Reference
Bryant and Kuropat, 1980
Bryant and Kuropat, 1980
Elliott, 1998
Hodges, 2000; SeccombeHett and Turkington, 2008
Elliott, 1998; Hodges, 2000;
Sinclair and Smith, 1984
Bryant and Kuropat, 1980;
Rodgers and Sinclair, 1997;
Seccombe-Hett and
Turkington, 2008; Smith et
al., 1988
Bryant and Kuropat, 1980
Oldemeyer, 1983; Reichardt
et al., 1984
Bryant and Kuropat, 1980
Elliott, 1998; Hodges, 2000;
Seccombe-Hett and
Turkington, 2008
Bryant and Kuropat, 1980;
Krebs et al., 1986; Olnes and
Kielland, 2016; Rodgers and
Sinclair, 1997; Sinclair and
Smith, 1984; Wolff, 1978
Bryant and Kuropat, 1980;
Olnes and Kielland, 2016;
Wolff, 1978
Bryant and Kuropat, 1980
Bryant and Kuropat, 1980;
Olnes and Kielland, 2016
Bryant and Kuropat, 1980
Bryant and Kuropat, 1980
Bryant and Kuropat, 1980
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Populus balsamifera

Winter

Populus tremuloides

General, winter

Potentilla fruticose

Fall

Rosa acicularis

Salix spp.

General

Summer, fall, winter

Salix alaxensis

Winter

Salix glauca

Winter

Salix planifolia

Winter

Shepherdia canadensis

Summer, winter

Vaccinium spp.
Vaccinium uliginosum

Spring
Summer, winter
Graminoids
Summer, winter

Graminoids
Grasses

Summer, fall

Calamagrostis canadensis

Summer

Festuca altaica

Summer

Festuca rubra

Summer
Forbs

Forbs

Summer, fall, winter

Achillia milefolium

Summer

Epilobium angustifolium

Summer

Equisetum spp.

Spring

Rodgers and Sinclair, 1997;
Sinclair and Smith, 1984
Bryant and Kuropat, 1980;
Krebs et al., 1986;
Oldemeyer, 1983; Sinclair
and Smith, 1984
Hodges, 2000; SeccombeHett and Turkington, 2008
Wolff, 1978
Bryant and Kuropat, 1980;
Elliott, 1998; Hodges, 2000;
Oldemeyer, 1983; Rodgers
and Sinclair, 1997;
Seccombe-Hett and
Turkington, 2008; Sinclair
and Smith, 1984; Smith et al.,
1988; Wolff, 1978; Zhou et
al., 2017
Rodgers and Sinclair, 1997
Rodgers and Sinclair, 1997;
Smith et al., 1988
Rodgers and Sinclair, 1997
Seccombe-Hett and
Turkington, 2008; Smith et
al., 1988
Wolff, 1978
Elliott, 1998
Elliott, 1998
Hodges and Sinclair, 2011;
Seccombe-Hett and
Turkington, 2008
Elliott, 1998
Seccombe-Hett and
Turkington, 2008
Elliott, 1998
Elliott, 1998; Hodges and
Sinclair, 2011; Hodges, 2000;
Seccombe-Hett and
Turkington, 2008
Seccombe-Hett and
Turkington, 2008
Seccombe-Hett and
Turkington, 2008
Wolff, 1978
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Lupinus arcticus
Carrion

Summer
Other
Spring, fall, winter

Seccombe-Hett and
Turkington, 2008
Peers et al., 2018
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Black bear
Table 2.9: Forage types known to be consumed by black bear (Ursus americanus) in
boreal North America based on literature review (n = 7). The seasons when a particular
forage is used and references to the studies citing each forage type are also included.
Forage types are identified to the species, genus, family, or functional group depending
on the level of detail provided in each study. The word “general” is written in the season
column when a specified forage type was included in a study that did not identify time of
year.
Species
Aralia hispida
Aralia nudicaulis
Arctostaphylos uva-ursi
Cornus canadensis
Cornus stolonifera
Empetrum nigrum

Season
Berry Species
Summer
Summer
Spring, summer
Summer, fall
Summer
Spring, summer, fall

Fragaria spp.
Fragaria virginiana
Nemopanthus spp.
Prunus pensylvanica
Ribes glandulosum
Rosa acicularis

Summer
Summer
Summer
Summer, fall
Summer
Fall

Rubus spp.

Summer, fall

Sambucus nigra
Shepherdia canadensis
Sorbus spp.
Sorbus americana

Summer
Summer
Summer, fall
Fall

Vaccinium spp.
Vaccinium angustifolium
Vaccinium myrtiloides
Vaccinium oxycoccus

Spring, summer
Summer, fall
Summer, fall
Spring

Vaccinium uliginosum

Spring, summer, fall

Vaccinium vitis-ideae

Spring, summer, fall

Vibernum edule
Graminoids

Fall
Graminoids
Spring, summer

Reference
Romain et al., 2013
Mosnier et al., 2008;
Romain et al., 2013
MacHutchon, 1989
Romain et al., 2013
Mosnier et al., 2008
Hatler, 1967; MacHutchon,
1989
Mosnier et al., 2008
MacHutchon, 1989
Mosnier et al., 2008
Romain et al., 2013
Romain et al., 2013
Hatler, 1967
Mosnier et al., 2008;
Romain et al., 2013
Mosnier et al., 2008
MacHutchon, 1989
Romain et al., 2013
Mosnier et al., 2008
Hatler, 1967; MacHutchon,
1989; Mosnier et al., 2008
Romain et al., 2013
Romain et al., 2013
Lesmerises et al., 2015
Hatler, 1967; MacHutchon,
1989
Hatler, 1967; MacHutchon,
1989
Hatler, 1967
Mosnier et al., 2008;
Romain et al., 2013
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Grasses
Calamagrostic canadensis
Carex spp.
Carex stipata
Elymus repens
Eriophorum vaginatum ssp.
Spissum
Glyceria striata
Betula papyrifera (seeds)
Corylus cornuta
Populus tremuloides
Salix spp.

Spring
Spring
Spring
Spring

Hatler, 1967; Lesmerises et
al., 2015; MacHutchon,
1989
Romain et al., 2013
Romain et al., 2013
Romain et al., 2013
Romain et al., 2013

Spring

Romain et al., 2013

Spring
Shrubs (non-berry)
Spring
Fall
Spring

Romain et al., 2013

Spring, summer

Spring

Romain et al., 2013
Romain et al., 2013
Romain et al., 2013
Lesmerises et al., 2015;
Romain et al., 2013

Forbs
Equisetum spp.

Spring, summer

Equisetum arvense
Equisetum limosum
Equisetum pratense
Fallopa scandens
Galium boreal
Hieracium spp.
Lupinus arcticus
Pedicularis spp.
Polygonum alaskanum
Smilacina trifolia
Taraxacum officinale
Trifolium spp.
Vicea cracca

Spring, fall
Spring
Spring, fall
Spring
Spring
Spring
Fall
Spring
Spring
Spring
Spring
Spring
Spring
Meat and Other

Ants/insects

Spring, summer, fall

Wasps

General, fall

Birds

Fall

Carrion
Garbage
Litter
Salmon

General
General
Summer
Spawning

Hatler, 1967; MacHutchon,
1989; Romain et al., 2013
Hatler, 1967
Hatler, 1967
Hatler, 1967
Romain et al., 2013
Hatler, 1967
Romain et al., 2013
Hatler, 1967
Hatler, 1967
Hatler, 1967
Lesmerises et al., 2015
Romain et al., 2013
Romain et al., 2013
Romain et al., 2013
Hatler, 1967; Lesmerises et
al., 2015; MacHutchon,
1989; Romain et al., 2013
Hatler, 1967
Hatler, 1967; Lesmerises et
al., 2015
Hatler, 1967
Hatler, 1967
MacHutchon, 1989
Jacoby et al., 1999
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Terrestrial vertebrates

Alces alces

General, summer

Spring, general

Castor canadensis

Fall

Lepus americanus

Spring, fall

Rangifer tarandus

Spring, summer

Jacoby et al., 1999;
MacHutchon, 1989; Romain
et al., 2013
Bertram and Vivion, 2002;
Merkle et al., 2017; Mosnier
et al., 2008
Lesmerises et al., 2015;
Merkle et al., 2017; Mosnier
et al., 2008
Hatler, 1967; Lesmerises et
al., 2015
Merkle et al., 2017; Mumma
et al., 2019

64

Appendix 2.2: PCoA plots by season
Each of the plots below represent study scores for principal coordinates analysis
(PCoA) ordination using Jaccard distance based on presence/absence of forage species
within studies from a literature review of wildlife diet in boreal North America, separated
by season. Studies which contained dietary information for multiple seasons and/or
wildlife taxa received a separate data point for each. Values in brackets indicate the
proportion of total variation in forage types explained by each axis. The second pane for
each plot illustrates the species scores for the first two axes, with higher species scores
being further from plot centre. Note that seasonal ordinations contained more variables
than data points, which raises the risk of overdetermination. Definitions for abbreviations
and numeric species scores can be found in Appendix 2.3.
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Figure 2.2: Spring
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Figure 2.3: Summer
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Figure 2.4: Fall
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Figure 2.5: Winter
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Appendix 2.3: Definitions of abbreviations and species scores for PCoA
Table 2.10: List of species abbreviations, definitions, and scores for the primary 2 axes
of principle coordinate analysis ordination with Jaccard distance based on
presence/absence of forage species within studies from a literature review of wildlife diet
in boreal North America.
Abbreviation
AbiSp
Acer Spp.
Acespi
Agrsp
AlectoriaSp
Alnsp
Alncri
AmeSpp.
Amesto
Arinud
Arcuva
Astesp
Betgla
Betpap
Betsp.
BryoriaSp
Calcan
Calamagrostis Spp.
Caraqu
Carath
Carros
Carex Spp.
CetrariaSp
Chacal
CliSpp
Corcan
Corcor
Corsto
Dactylina
Deciduous
Elasp
ElySpp
Empnig
Episp
Erivag
Equarv
Equpra
Equsp
Fessp
Forbs
FragariaSpp.
Fungi

Species
Abies genus
Acer genus
Acer spicatum
Agrostis genus
Alectoria genus
Alnus genus
Alnus crispa
Amelanchier genus
Amelanchier stolonifera
Aralia nudicaulis
Arctostaphylos uva-ursi
Aster genus
Betula glandulosa
Betula papyrifera
Betula genus
Bryoria genus
Calamagrostis canadensis
Calamagrostis genus
Carex aquatilis
Carex atherodes
Carex rostrata
Carex genus
Cetraria genus
Chamaedaphne calyculata
Clintonia genus
Cornus canadensis
Corylus cornuta
Cornus stolonifera
Dactylina genus
Undefined deciduous
Elaeagnus genus
Elymus genus
Empetrum nigrum
Epilobium genus
Eriophorum vaginatum
Equisetum arvense
Equisetum pratense
Equisetum genus
Festuca genus
Undefined forbs
Fragaria genus
Fungi/mushrooms

Score: Axis 1

Score: Axis 2

0.27
0.12
0.17
0.02
0.04
0.26
0.27
0.09
0.16
0.02
0.04
0.08
0.22
0.39
0.20
0.04
0.09
0.05
-0.11
-0.07
0.07
-0.05
0.02
0.01
0.08
0.01
0.15
0.21
-0.10
0.01
0.01
0.12
-0.01
0.11
-0.02
-0.03
-0.03
0.03
0.07
-0.35
0.02
-0.03

0.19
0.05
0.09
0.09
-0.13
0.20
0.11
-0.02
0.07
-0.11
0.00
-0.07
0.12
0.16
0.18
-0.16
0.03
-0.02
0.03
-0.09
0.02
0.01
-0.16
-0.21
-0.14
-0.12
0.02
0.13
-0.03
-0.18
0.06
-0.04
-0.29
0.08
0.03
-0.11
-0.11
-0.26
0.13
0.30
-0.12
-0.14
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Graminoids
Grasses
Junbal
Kalang
Kalpol
Larlar
Ledgro
Lichen
ArborealLichen
ReindeerLichen
TerrestrialLichen
LathSp
Luparc
MaiSpp
Maitri
Mosses
Myrgal
Nemsp
Peltigera
Picsp
Pinsp
Pleurozium
Poasp
Popbal
Poptre
Potfru
Prupen
Rosaci
RubSpp
Salix
Scices
Sedges/rushes
Shecan
Shesp
Shrubs
Sorame
SorbusSpp
Sphagnum
Stramp
UsniaSp
Vacang
Vacmyr
Vaculi
Vacspp.
Vacvit
VibSpp

Undefined graminoids
Undefined grasses
Juncus balticus
Kalmia angustifolia
Kalmia polifolia
Larix laricina
Ledum groenlandicum
Undefined lichen
Undefined tree lichen
Cladina/Cladonia genus
Undefined ground lichen
Lathyrus genus
Lupinus arcticus
Maianthemum genus
Maianthemum trifolium
Undefined mosses
Myrica gale
Nemopanthus genus
Peltigera genus
Picea genus
Pinus genus
Pleurozium genus
Poa genus
Populus balsamifera
Populus tremuloides
Potentilla fruticosa
Prunus pensylvanica
Rosa acicularis
Rubus genus
Salix genus
Scirpus cespitosus
Undefined sedges/rushes
Shepherdia Canadensis
Shepherdia genus
Undefined shrubs
Sorbus americana
Sorbus genus
Sphagnum genus
Streptopus amplexifolius
Usnia genus
Vaccinium angustifolium
Vaccinium myrtilloides
Vaccinium uliginosum
Vaccinium genus
Vaccinium vitis-idaea
Viburnum genus

0.10
-0.82
-0.05
0.01
0.00
0.06
0.01
-0.34
-0.01
0.05
-0.02
0.08
0.05
0.02
-0.01
-0.43
-0.02
0.03
-0.04
0.33
0.15
0.01
0.02
0.18
0.40
0.04
0.17
0.01
0.03
0.61
-0.02
-0.70
0.11
0.01
-0.75
0.14
0.02
0.00
0.08
-0.07
0.02
0.02
0.04
0.09
-0.01
0.02

-0.30
0.36
0.03
-0.21
-0.15
0.02
-0.21
0.17
-0.33
-0.64
-0.14
-0.07
-0.03
-0.30
-0.08
0.12
-0.08
-0.13
-0.06
0.27
0.12
-0.22
0.09
0.11
0.28
0.14
0.02
-0.11
-0.15
0.63
-0.08
0.30
0.02
0.06
0.20
0.03
-0.11
-0.27
-0.07
-0.13
-0.16
-0.11
-0.21
-0.12
-0.20
-0.13
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Appendix 2.4: GLMM Results
Table 2.11: Output from gaussian generalized linear mixed effects model with identity
link of study scores along the first axis of principal coordinates analysis of wildlife diet
composition in boreal North America based on literature review. “Bison” used as
baseline (reference category) to assess differences among wildlife and “summer” to
assess differences among seasons. n = 112, α = 0.05, AIC = -55.7, Marginal R2 = 0.391,
Conditional R2 = 0.680.
Variable
Intercept

Estimate
-0.24

Standard Error
0.06

Z value
-4.36

p-value
1.28 x 10-5

Species - Black bear

0.24

0.09

2.81

5.02 x 10-3

Species - Caribou

0.16

0.06

2.74

6.09 x 10-3

Species - Moose

0.37

0.06

5.75

8.74 x 10-9

Species - Hare

0.36

0.07

4.99

6.2 x 10-7

Season - Fall

0.03

0.05

0.70

0.48

Season - Winter

0.05

0.04

1.39

0.16

Season - Spring

0.00

0.05

0.04

0.97

Season - General

0.13

0.05

2.48

0.01

Table 2.12: Output from gaussian generalized linear mixed effects model with identity
link of study scores along the second axis of principal coordinates analysis of wildlife
diet composition in boreal North America based on literature review. “Bison” used as
baseline to assess differences among wildlife and “summer” to assess differences among
seasons. n = 112, α = 0.05, AIC = -92.3, Marginal R2 = 0.453, Conditional R2 = 0.637.
Variable
(Intercept)

Estimate
0.08

Standard Error
0.04

Z value
1.80

p-value
7.47 x 10-3

Species - Black bear

-0.18

0.07

-2.68

7.47 x 10-3

Species - Caribou

-0.23

0.05

-4.79

1.65 x 10-6

Species - Moose

0.07

0.05

1.34

0.18

Species - Hare

0.10

0.06

1.77

0.08

Season - Fall

-0.03

0.04

-0.84

0.40

Season - Winter

-0.03

0.03

-0.97

0.33

Season - Spring

-0.03

0.04

-0.59

0.56

Season - General

-0.02

0.05

-0.38

0.70
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Chapter 3: Boreal Vegetation Recovery After Fire and Wildlife
Use of Burned Areas
Introduction
Climate change is causing more widespread and frequent fires in boreal North
America (Kasischke and Turetsky, 2006; Veraverbeke et al., 2017). Both the number of
ignitions and annual area burned have increased significantly since the 1960s and these
trends are expected to continue (Kasischke and Turetsky, 2006; Kochtubajda et al., 2006;
Veraverbeke et al., 2017). Although boreal forests are well adapted to this disturbance,
there is some uncertainty about how these systems, and the species that inhabit them, will
respond to the altered fire regime.
Fire is an important ecological process in the boreal forest, driving succession and
creating a patchwork of uneven-aged stands. Fire has a significant influence on boreal
carbon and nutrient cycling (Simard et al., 2001; Walker et al., 2018b; Ward et al., 2014),
physical and microbial soil conditions (Day et al., 2019; Holden et al., 2016; Simard et
al., 2001), and local permafrost thaw (Gibson et al., 2018). Both overstory and
understory vegetation are well adapted to this disturbance and employ a variety of
strategies for survival and recolonization such as heat-triggered germination, the
production of serotinous or semi-serotinous cones which open and release seeds when
exposed to high enough temperatures, or the ability to resprout from underground stems
known as rhizomes (Alexander and Cruz, 2012; Granström and Schimmel, 1993;
Markham and Essery, 2015; Schimmel and Granström, 1996; Viereck, 1982, 1983).
Vegetation recovery patterns after a burn are often influenced by fire severity (Day et al.,
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2020; Hollingsworth et al., 2013; Schimmel and Granström, 1996). Low severity fires
tend to favour species which resprout from underground structures or survive the
disturbance in residual patches (Day et al., 2020; Hollingsworth et al., 2013). High
severity fires favour seeders, and taxa which are well adapted to rooting in thin organic
layers or bare mineral soil (Day et al., 2020; Hollingsworth et al., 2013; Schimmel and
Granström, 1996). In boreal North America, fire severity is often regulated by soil
moisture, with complete combustion of organic soils only occurring in drier landscape
positions (Hollingsworth et al., 2013; Kane et al., 2007; Walker et al., 2018a). Soil
moisture has also been found to influence both overstory and understory species
assembly in the boreal forest, highlighting the importance of local environmental
conditions on vegetation community composition and structure (Day et al., 2020;
Echiverri and Macdonald, 2019; Hollingsworth et al., 2013; Taylor and Chen, 2011).
Both trees and understory species recruit rapidly after fire in boreal forests, and
are rarely replaced by other taxa over time (Black and Bliss, 1978; Johnstone et al., 2020;
Kurkowski et al., 2008). This has lead some researchers to suggest that ultimate forest
composition can be predicted using the vegetation present in a boreal area only a few
years after a fire (Day et al., 2017; Gutsell and Johnson, 2002; Johnstone et al., 2020,
2004). This assertion has mainly been applied to tree species (Johnstone et al., 2020,
2004); however, Day et al. (2017) demonstrated its potential for understory vegetation.
Even if this is the case, there is limited information available about trends in the speed
and recovery of vascular understory and overstory species over the long term, and how
environmental conditions mediate these processes. Systematic changes in site conditions
over time, such as increased canopy closure, will influence understory composition,

74

reducing or eliminating the cover of shade intolerant plants such as Epilobium
angustifolium (fireweed), while the abundance of species such as Empetrum nigrum tend
to increase as the site matures (Black and Bliss, 1978; Lieffers and Stadt, 1994). In
general, both the richness and abundance of vascular species tends to increase sharply
over the first few years following fire, then decrease more steadily over time due to
reductions in light, soil nutrients and pH (Hart and Chen, 2006; Routh and Nielsen,
2021). These processes, in turn, are expected to affect boreal wildlife that rely on local
vegetation for food.
Animals such as moose (Alces alces), woodland caribou (Rangifer tarandus
caribou), and snowshoe hare (Lepus americanus) are important both culturally and for
subsistence purposes in boreal North America (Bordeleau et al., 2016; Legat and
Chocolate, 2012; Spring et al., 2018). Woodland caribou and wood bison (Bison bison
atahbascae) are also of special interest to wildlife managers due to their status as species
at risk (COSEWIC, 2014, 2013). Fire can impact these animals through a variety of
habitat alterations such as changes in forage abundance, deadfall, tree density, or
connectivity between favourable areas (Allard-Duchêne et al., 2014; Campbell and
Hinkes, 1983; Metsaranta et al., 2003), all of which are expected to fluctuate over time as
the site recovers. As a result, habitat selection will vary among wildlife species with time
following fire due to differing habitat and forage preferences. For example, woodland
caribou are known to select for mature forest and peatland habitat to reduce predation risk
(Hins et al., 2009; Rettie and Messier, 2000). Older forests also contain greater amounts
of reindeer lichen, an important caribou forage that can take 30 – 75 years to recover to
50% of maximum biomass after fire (Greuel et al., 2021; Thompson et al., 2015). In
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contrast, open areas created by fire or anthropogenic disturbance are often good habitats
for wood bison, which tend to favour graminoids (Campbell and Hinkes, 1983; Larter,
1988; Leverkus, 2015). However, there is some dietary overlap among different wildlife,
which may cause multiple species to occur simultaneously in areas where shared forage
taxa are abundant, leading to increased risk of direct or apparent competition. Shared
forage preferences may also increase predation risk in areas containing vegetation
favoured by both prey species and a large omnivore, such as black bear. A greater
knowledge of forage recovery patterns after fire could help wildlife managers anticipate
when different species are likely to use burned areas, and where overlap may occur.
To assess some of these uncertainties, we quantified vegetation recovery
trajectories in two distinct boreal forest ecoregions of the Northwest Territories (NWT),
Canada, following wildfire, and how these trajectories are likely to influence when
different wildlife taxa will use burned areas. To achieve this goal, vegetation data from a
chronosequence of burn sites ranging from one up to 275 years post-fire was used to
address the following research questions:
1. How does time after fire affect boreal vegetation recovery and how do
environmental factors mediate recovery processes?
2. Can information on post-fire vegetation recovery be used to anticipate when
different wildlife taxa are likely to select for burned areas and where overlap may
occur?
This information is important for wildlife managers charged with the effective
conservation of boreal species through helping to address knowledge gaps related to
habitat regeneration highlighted in documents such as the Recovery Strategy for Boreal
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Caribou (Rangifer tarandus caribou) in the Northwest Territories (Government of the
Northwest Territories, 2017). They are also relevant for northern communities who rely
on wild food for subsistence, by offering information on post-fire vegetation and habitat
recovery useful in anticipating and adapting to the impacts of the more frequent fire
under climate change.

Methods
Study Area
The study area includes parts of the Taiga Plains and Taiga Shield ecological
regions of the Northwest Territories (Government of the Northwest Territories, 2009,
2008b). The Taiga Plains (hereafter, Plains) is characterized by relatively flat topography
with some rolling hills and extensive peatlands. It also covers large areas of
discontinuous permafrost. The climate in the Plains includes long cold winters and short
summers, limiting tree growth (Government of the Northwest Territories, 2009). Thirtyyear climate normals (1981 - 2010) from Hay River, the closest weather station to many
of the Plains sites, indicate a mean annual temperature of -2.5 ⁰C with monthly averages
ranging from -21.8 ⁰C in January to 16.1 ⁰C in July (ECCC, 2013a). Mean annual
precipitation is 336 mm, 35% of which falls as snow (ECCC, 2013a). Relatively speciesrich mixedwood forests are common in the warmer southern areas of the Plains, but black
or white spruce forests (Picea mariana and P. glauca) dominate over most of the region
(Government of the Northwest Territories, 2009). The Plains is home to more than 50
mammal species including woodland caribou, moose, wood bison, and snowshoe hare.
Black bears are common, though fewer occur in northern areas where there is less tree
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cover and greater overlap with grizzly bear range (Government of the Northwest
Territories, 2009).
The Taiga Shield (hereafter, Shield) is characterized by extensive areas of eroded
bedrock often either exposed or covered by glacial till. Like the Plains, the Shield
experiences long cold winters and short summers limiting plant growth and the region
includes large areas of discontinuous permafrost (Government of the Northwest
Territories, 2008b). Thirty-year climate normals (1981-2010) from Yellowknife, the
closest weather station with consistent records to the Shield sites, indicate a mean annual
temperature of -4.3 ⁰C with mean monthly temperatures ranging from -15.6 ⁰C in January
to 17.0 ⁰C in July (ECCC, 2013b). Annual precipitation is 289 mm, around 41% of which
falls as snow (ECCC, 2013b). Black spruce forests are the dominant cover through most
of the region. However, jack pine (Pinus banksiana) dominated and mixedwood stands
do occur, particularly further south (Government of the Northwest Territories, 2008b).
Moose, black bear, and snowshoe hare occur in locations with suitable habitat across the
Shield, but tend to be more abundant in southern areas. Woodland caribou are uncommon
and have only been observed near the region’s western margin (Government of the
Northwest Territories, 2008b).
Site and plot selection
In the summers of 2015 to 2018, 237 sites were established in burn scars of five
age classes: 1) new burns (2011 - 2014), 2) 35 - 45 years after fire (1969 - 1981), 3) 65 75 years after fire (1940 - 1950), and 4) “unburned” areas with no known fire history but
for which stand age can be inferred from tree ring records (Figure 3.1).
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Figure 3.1: Locations of sampling sites and associated burns of different ages in the
Northwest Territories, Canada. Inset shows the location of the sampling area in North
America.
Sites were selected using a stratified random sampling approach. For 2014 burns,
this involved using the Landcover Class of Canada 2005 (Latifovic et al., 2008) to
identify areas that represented low, medium, and high density conifer forest strata prior to
burning. In areas where forest inventory data was available, the dominant tree species
were also identified (jack pine or black spruce, Cumming et al., 2015). Within each burn
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scar, a set of random points was generated in each density strata and/or leading species
class available within that burn scar. Points were constrained to within 1 km from a road
or shoreline for accessibility. For older burn scars, the dominant land cover classes
identified in the 2014 burns (sparse, low, and medium density conifer), as well as lowdensity mixed conifer strata, were sampled in proportion to their abundance within each
burn. Sites with no known fire history were chosen to represent the pre-fire conditions of
burn areas. These “unburned” sites were located in the nearest area to a local burn that
shared approximately the same slope and aspect, and had similar tree cover (see Walker
et al., 2018a for more detail).
During plot establishment, a goal was to capture the full range of drainage
conditions proximal to each random location. As such, nests of plots were established at
each site. When a random sampling point was located in the field, soil moisture was
classified on six step scale from xeric to subhygric according to Johnstone et al. (2008).
One, or usually two additional plots covering different moisture classes were then
established within 500 m of the original plot, and no less than 100 m apart. These three
plots made up a single sampling site.
Field Sampling
Plots had an area of 60 m2 and were comprised of two parallel 30 m transects
running from south to north positioned two metres apart. The beginning and end of each
transect was permanently marked. A handheld GPS was used to record the latitude,
longitude, and elevation of the north and south ends of each plot using waypoint
averaging. To assess ground cover and vegetation, 1 m2 quadrats were established at 0, 6,
12, 18, and 24 m along the east transect. All species of vascular plants within each
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quadrat were identified and recorded at the presence/absence level. Percent cover of
lichen groups known to be consumed by caribou including Cladina mitis and C.
arbuscula, C. rangiferina and C. Stygia, C. Stellaris, Cladonia uncialis, Stereocaulon
spp., Cetraria spp. and Flavocetraria spp. were also recorded along with moss functional
groups such as feathermoss and Sphagnum spp. Both were converted to relative
abundance (presence in 1-5 quadrats per plot) prior to analysis. Most plants were
identified to species level, but due to some individuals being very small, damaged, or
missing diagnostic features (most commonly graminoids that were lacking fruit or
flower), some were only identified to genus or family. In addition, Salix species were
only identified to morphotype, as described in Johnson et al. (1995). Plants that were not
recognized in the field, but did possess diagnostic features, were collected, pressed, and
brought back to the laboratory where species were identified using Cody (1996), Johnson
et al. (1995), Porsild and Cody (1980), and Skinner et al. (2012). Samples that could not
be identified in the lab were verified using collections at the National Herbarium in
Gatineau, Quebec. In sites less than five years post-fire, plants were small and often
difficult to identify to the species level at the time of sampling. To avoid discrepancies
associated with systematic differences in taxonomic certainty in subsequent analysis, all
Aster spp., Salix spp., and Equisetum spp. were condensed into genus groups, all sedges
and grasses grouped under Cyperaceae spp. and Poaceae spp., and all Cladina spp. and
Cladonia uncialis grouped under “Reindeer lichen.”
To estimate stand age, cores or cookies were taken just above the root collar from
five trees of the (co)dominant conifer species within the plot representing the dominant
size class. Samples were sanded with increasingly finer grits before being scanned to a
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resolution of 4800 dpi and their rings counted using CooRecorder 7.6 (Larsson, 2013),
Cybis CooRecorder v.7.8 (Larsson, 2006), or WinDendro 2009 (Regent Instruments
Canada Inc., 2009). Given that boreal tree species typically establish rapidly following
fire (Greene and Johnson, 1999), ring counts were considered an effective method to
estimate stand age. Sampled trees were generally found to be in clear recruitment
“cohorts” within 20 years of each other. In this case, the age of the oldest tree in the
dominant cohort on the plot was used as time after fire. In plots where tree ages were not
clustered in clear 20-year cohorts, the oldest tree on the entire plot was used to estimate
time after fire. If there was evidence of a fire occurring around the same time as the
known burn covering the plot in an area nearby, and two or more trees of similar age
were found, time after fire was estimated as the age of the oldest tree in the most recent
cohort.
The depth of the soil organic layer (SOL; depth to the organic-mineral interface or
depth to ice) was measured adjacent to each vegetation quadrat in small soil pits or with
soil cores. A two-metre steel rod was used in the same locations to determine the soil
permeability depth (SPD), defined as the depth to rock, ice, or gravel. The mean value of
SPD and SOL depth per plot was then calculated.

Statistical Analyses
Statistical analyses were completed in R-3.6.1 (R Core Team, 2019) and ggplot2
(Wickham, 2016) was used for data visualizations. Data from the Shield and Plains were
separated for all analyses because of the distinct environmental conditions that the
vegetation in these regions is exposed to resulting in compositional differences (Day et
al. 2020). In total, data from 580 sampling plots were used.
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How does time after fire affect boreal vegetation and how do environmental factors
mediate recovery processes? – Full plant community

To assess similarities in plant community composition among plots, the vegan
package (Oksanen et al., 2019) was used to perform principal coordinates analysis
(PCoA) on Hellinger transformed, five-level abundance data (species presence in 1-5
quadrats per plot) with Gower’s index as the specified dissimilarity measure. The
Hellinger transformation reduces the influence of rare species on results (Legendre and
Gallagher, 2001) and was used due to the prevalence of zeroes in the dataset. In the
resulting visualizations, plots were coloured according to time after fire to assess
temporal trends in vegetation community recovery. The species scores associated with
plots were then used to estimate which wildlife taxa would likely select for areas of a
particular age, given an abundance of favoured forage species (identified via literature
review in Chapter 2). The envfit() function was then used to quantify the correlation of
environmental variables with the primary 2 ordination axes. Ordinations used the full
range of plots with ages from one to 275 years post fire.
To assess the influence of time after fire and environmental conditions on
vegetation community composition, permutational multivariate analysis of variance
(PERMANOVA) was used to determine the significance and proportion of variability
explained by the following covariates: time after fire, latitude, elevation, soil moisture
class, SOL depth, growing degree days, SPD, and the presence/absence of ground ice. As
moisture can influence fire severity and site resilience, the interaction between time after
fire and moisture class was included (Walker et al., 2018, 2017). The presence/absence of
ground ice was hypothesized to influence plant recovery following fire due to the
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contribution of permafrost and seasonal ice on site structure, hydrology, and soil
temperature; as such the interaction between time after fire and presence/absence of
ground ice was also included (Connon et al., 2014; Osterkamp et al., 2000; Young‐
Robertson et al., 2017). Soil moisture class was collapsed into dry, medium, and wet
categories for analysis. Growing degree days was calculated as the number of days
exceeding 5 C annually averaged over a 30-year period (1980-2010), using gridded data
from Climate North America (Wang et al., 2016). PERMANOVA was performed on a
distance matrix of Hellinger transformed abundance using Gower’s dissimilarity index.
P-values were estimated through 999 permutations using the adonis() function in vegan
(Oksanen et al., 2019). (Wang et al., 2016). Permutations were restricted within study
sites to account for temporal autocorrelation due to the nested nature of the sampling
design (2 - 3 plots nested within each site).
How does time after fire affect boreal vegetation and how do environmental factors
mediate recovery processes? – Individual forage species
Forage species to be used for recovery modelling (Table 3.1) were selected based
on the following criteria: 1) they were identified as a major forage or selected for by at
least one of moose, woodland caribou, wood bison, snowshoe hare, or black bear in
multiple studies (as identified in Chapter 2); 2) they occurred in at least 50 plots in our
data set in the region of interest (Plains or Shield); and 3) the animal taxa consuming
these species is known to occur in the same region. Moose, caribou, and snowshoe hare
were selected for analysis due to their cultural and subsistence importance in boreal areas
(Bordeleau et al., 2016; Legat and Chocolate, 2012; Spring et al., 2018), wood bison as a
species at risk (COSEWIC, 2013), and black bear as a predator of moose and caribou
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calves (Bertram and Vivion, 2002; Mumma et al., 2019). Plant species present in fewer
than 50 plots were not considered for analysis to reduce the risk of detecting erroneous
connections between abundance and model variables due to random chance. Data from
the Plains was filtered to exclude plots greater than 130 years post-fire, and in the Shield
100 years post-fire as there were few data points for age classes above these levels.
Table 3.1: Forage types selected for analysis in the Taiga Plains and Taiga Shield
ecoregions of the NWT, Canada. Forage types for modelling were chosen based on the
following criteria: 1) they were identified as a major forage or selected for by at least one
of moose, woodland caribou, wood bison, snowshoe hare, or black bear in multiple
studies (as identified in Chapter 2); 2) they occurred in at least 50 plots in the region of
interest (Plains or Shield); and 3) the animal taxa consuming these species is known to
occur in the same region.
Species
Alnus crispa
Aster spp.
Betula spp.
Betula papyrifera*
Calamagrostis spp.
Cyperaceae spp.
Equisetum spp.
Picea mariana
Picea mariana*
Poaceae spp.
Populus tremuloides
Populus tremuloides*
Reindeer lichen
Salix spp.
Shepherdia canadensis
Vaccinium uliginosum
Vaccinium vitis-idaea
*Seedlings/saplings

Plains
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Shield
X
X

X
X
X
X

X
X

X

To assess the influence of time after fire and other environmental variables on the
relative abundance of specific forage taxa, generalized linear mixed effects models
(GLMMs) were developed. Probability of occurrence was the dependent variable, and
models were fit with the glmmTMB package (Brooks et al., 2017) using the binomial
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error family and logit link function. Probability of occurrence was defined as the number
of quadrats per plot where the species was found, divided by the total number of quadrats
(5). Probability of occurrence versus probability of absence (adding to 1) acted as the
binomial variable.
For tree species of interest, seedling/sapling count models were fit in addition to
those for probability of occurrence. In this case, the dependent variable was the combined
number of seedlings and saplings < 1.3 m tall within the five vegetation quadrats of each
plot. Models using both the Poisson and negative binomial families were fit to the count
data, and compared in terms of Akaike Information Criterion (AIC) and model
diagnostics (discussed below). The negative binomial family can be used to correct
overdispersion in Poisson models (Zuur, 2009), and was selected in this case as our
negative binomial models had lower AIC scores and less zero inflation.
Time after fire (years), SOL depth (cm), growing degree days (# days), soil
moisture class (dry, medium, wet), presence/absence of ground ice (yes/no), SPD (cm),
and the interactions between time after fire and soil moisture class and time after fire and
ground ice were included as predictor variables for models, due to their likely influence
on plant growth. Latitude was not included as it is generally used as a proxy for climate,
which was already integrated through the growing degree days covariate. Site was used
as a random intercept effect in all models to account for the nested structure of our data.
Prior to constructing models, the distribution of each predictor variable was
assessed visually using qqnorm(). As they were determined to violate the assumption of
normality, Kendal’s Tau was used to quantify correlation between all variable pairs. Pairs
with correlations of 0.5 or greater were classified as overly collinear (as suggested by
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Zuur et al. 2009). On the Shield, moisture class, organic soil depth, presence/absence of
ground ice, and SPD were highly collinear. Moisture class was retained in the models
because it is easier to assess on the ground than organic soil depth, so was considered to
be the more useful variable for land managers. However, our correlation analysis
indicates that sites with higher soil moisture correspond to those with thicker organic
layers, and if one is significant, the other will likely be as well. Note that for Shield
seedling/sapling data, the correlation between soil moisture and SPD was only 0.47.
However, SPD was still excluded from Shield seedlings/sapling models for consistency
as the correlation was very close to the 0.5 threshold. A full list of correlation scores can
be found in Appendix 3.7.
To determine influential variables for each species, manual backwards elimination
was performed on all models until the AIC was minimized. At each step, the performance
package (Lüdecke et al., 2020) was used to check the Variance Inflation Factor (VIF) and
normality of random effects using check_model(). Variables with a VIF of 5 or greater
were considered overly collinear and the variable with the highest VIF was dropped. In
addition, the DHARMa package (Hartig, 2020) was used to visually evaluate the
suitability of model family, and test for zero inflation at each step.
A total of 25 models of forage species or species groups were developed, 15 for
the Plains, and 10 for the Shield. This included 21 models examining probability of
individual species or species groups occurring over time, and four models examining tree
seedling/sapling counts.
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Can information on post-fire vegetation recovery be used to anticipate when different
wildlife taxa are likely to select for burned areas and where overlap may occur?
Forage availability plots (forage plots) were developed for each focal wildlife
species by adding the model predictions for each of their favoured forage types to a
single plot. Thicker lines were used to indicate preferred forage types, defined as taxa
which were identified as either the most selected or consumed during at least one season
(or yearly) in multiple studies from literature review (Chapter 2). Timelines of top habitat
use identified in the literature were added to plots when available to help qualitatively
evaluate the accuracy of wildlife use predictions. Separate plots were created for the
Shield and Plains regions for wildlife species occurring in both. Separate plots were also
developed for dry, medium, and wet sites to assess the influence of moisture conditions
on forage abundance and potential implications for wildlife occurrence.

Results
Influence of time after fire and environmental variables on plant community
The first two axes of the PCoAs explained only 6.4% of total plant community
variation on the Plains, and ~12.9% on the Shield (Figure 3.2). Time after fire, SPD, and
elevation were all highly correlated with axis 1 (80% +) and latitude, presence/absence of
ground ice, moisture class, and growing degree days with axis 2. A full list of correlation
scores and plots displaying environmental vectors can be found in Appendix 3.2.
However, given the small amount of variability explained by each axis, it is difficult to
interpret the importance of environmental variables on plant community using these
correlations.

88

In both the Plains and the Shield, very young sites (1 - 2 years after fire) clearly
separate from the rest, but there is much mixing above this age. Though species vary,
lichens were strongly associated with older sites in both regions, and grasses, forbs, and
broad-leaved trees/shrubs such as Populus tremuloides (trembling aspen) and Betula spp.
(birch) with young sites. In terms of moisture, dry sites tended to be associated with jack
pine and Arctostaphylos uva-ursi (bearberry) and wet sites with Rhododendron
groenlandicum (Labrador tea), Equisetum spp. (horsetail) and Sphagnum spp. (peatmoss),
among others (ordination coloured by moisture available in Appendix 3.1).
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Figure 3.2: Plot scores for principal coordinates analysis (PCoA) of plant community
composition based on Hellinger transformed abundance using Gower's Index in a. the
Taiga Plains and b. the Taiga Shield ecoregions of the Northwest Territories, Canada.
Colour scale indicates the number of years after fire that data was collected at each plot.
All plots > 100 post-fire are coloured dark red as there is relatively little data covering a
large age range after this time. Values in brackets indicate the proportion of total
variation in plant community explained by each axis. Bottom panes illustrate the species
scores for each axis, with higher species scores further from the plot origin. Full species
list, definitions of abbreviations, and numerical species scores available in in Appendix
3.3.
PERMANOVA results (Tables 3.2 & 3.3) indicated that all explanatory variables
and the interaction of time after fire and soil moisture significantly influenced plant
community composition in both ecoregions (minus growing degree days on the Shield).
However, each predictor only explained a small proportion of total variation in plant
community. On the Plains, time after fire was the most influential variable, explaining
9.5% of community variation followed by soil moisture class at 5.6%. Soil moisture class
and time after fire were also the most influential on the Shield, explaining 15.8% and
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9.9% of variation, respectively. The combined variables and interactions explained a
greater proportion of total plant community variation on the Shield at 44.9%, compared
to 28.1% on the Plains.
Table 3.2: Results from permutational multivariate analysis of variance (PERMANOVA)
to test the influence of explanatory variables on plant community composition in the
Taiga Plains ecoregion of the NWT, Canada. 999 permutations were performed on
Hellinger transformed values using Gower’s Index as the distance measure permutations restricted within study site.
Variable

Variation explained (%)

DF

SS

MS

Pseudo F

p

Time after fire

9.5

1

0.0788

0.079

43.7

0.001

Moisture class

5.6

1

0.0464

0.046

25.7

0.001

Latitude

4.2

1

0.0349

0.035

19.3

0.001

Organic soil depth

2.3

1

0.0192

0.019

10.7

0.001

Elevation

1.9

1

0.0154

0.015

8.6

0.001

Growing degree days
Soil permeability
depth
Time after fire x
Moisture class

1.4

1

0.0118

0.012

6.5

0.001

1.4

1

0.0120

0.012

6.6

0.048

0.7

1

0.0061

0.006

3.4

0.001

Pres/abs ground ice

0.5

1

0.0045

0.004

2.5

0.032

Time after fire x
pres/abs ground ice

0.4

1

0.0029

0.003

1.6

0.107

Residuals

71.9

329

0.5936

0.002

Total

100.0

339

0.8255
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Table 3.3: Results from permutational multivariate analysis of variance (PERMANOVA)
to test the influence of explanatory variables on plant community composition in the
Taiga Shield ecoregion of the NWT, Canada. 999 permutations were performed on
Hellinger transformed values using Gower’s Index as the distance measure –
permutations restricted within study site.
Variable

Variation explained (%)

DF

SS

MS

Pseudo f

p

Moisture class

15.8

1

0.0355

0.0355

56.9

0.001

Time after fire

9.9

1

0.0222

0.0222

35.6

0.001

Latitude

7.9

1

0.0178

0.0178

28.6

0.001

Organic soil depth

4.0

1

0.0090

0.0090

14.5

0.001

Soil permeability depth

2.2

1

0.0050

0.0050

8.0

0.001

Pres/abs ground ice

1.5

1

0.0033

0.0033

5.3

0.003

Time after fire x
Moisture class

1.5

1

0.0034

0.0034

5.4

0.003

Elevation

1.4

1

0.0032

0.0032

5.1

0.001

Growing degree days

0.5

1

0.0010

0.0010

1.6

0.050

Time after fire x
pres/abs ground ice

0.3

1

0.0006

0.0006

1.0

0.714

Residuals

55.1

199

0.1240

0.0006

Total

100.0

209

0.2250

Influence of time after fire and environmental variables on individual wildlife forage
species
Time after fire and/or an interaction between time after fire and soil moisture was
significant in 84% (21/25) of models (Table 3.4). However, the strength and direction of
these effects varied greatly among species (Table 3.4, Figure 3.3). The amount of total
variation explained by each model also varied by both species and region (Appendix 3.4).
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Table 3.4: Output from generalized linear mixed effects models (GLMMs) of the
probability of species occurrence or seedlings/sapling counts over time after fire in the
Taiga Plains, and Taiga Shield ecoregions of the NWT, Canada, including the
coefficients for time time after fire (“fire”) and/or the interaction of time after fire with
increasing soil moisture (SM) and indicating whether they are significant (bolded values).
Note that interactions include two coefficients indicating whether there were differences
in medium (mid.) and wet plots from dry areas. These covariates were chosen for display
as time after fire is the most directly related to our research questions and fire × moisture
was the most common fire-related interaction. For full model results, see Appendix 3.4.
GLMMs for probability of occurrence use the binomial family with a logit link. GLMMs
for seedling/sapling counts use the negative binomial family with a log link. “NA” values
indicate that the species was not modelled in the ecoregion indicated. Blank values
indicate that time after fire or the fire × moisture interaction was removed from a
particular model to improve fit. Note that models with negative interactions can still have
positive trends over time (and vice versa), with the strength of the trend simply
weakening at wetter sites.
Species
Alnus crispa

Fire – Plains

Fire x SM
Plains

Fire - Shield

NA

NA

0.13

NA

NA
-0.69
-1.97
NA
NA

Aster spp.
Betula spp.
Betula papyrifera*
Calamagrostis spp.
Cyperaceae spp.

0.32
NA
-1.77
0.82

Equisetum spp.

0.84

Picea mariana

1.64

Picea mariana*

-0.24

Poaceae spp.

0.51

Populus tremuloides

-0.93

Populus tremuloides*
Reindeer lichen

-3.49
2.54

Salix spp.

0.94

Shepherdia canadensis
Vaccinium uliginosum

0.49
0.87

Vaccinium vitis-idaea

0.22

mid. 0.52
wet -0.51
mid. 0.38
wet 0.78

NA
NA

-0.32
0.90
-0.08

mid. -0.83
wet -0.84
mid. -0.44
wet -0.17

Fire x SM
Shield
mid. 1.60
wet 0.12
NA

0.13

mid. 1.73
wet 1.37
mid. -0.99
wet -0.32
mid. -1.04
wet -0.61

NA

NA

NA
4.11

NA

NA
NA

NA
NA
mid. 1.23
wet 1.12

mid. -0.66
wet -0.58

mid. 0.62
wet 0.62

-0.23

*Seedlings/sapling models
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Figure 3.3: Plots displaying a range of trends in the probability of occurrence over time
after fire for various forage species in the Taiga Plains (n =323) and Taiga Shield (n =
198) ecoregions of the NWT, Canada. a. Shepherdia canadensis (soapberry) - Plains, b.
Salix spp. (willow) - Shield, c. Reindeer lichen - Plains, d. Betula spp. (birch) - Shield.
Predictions from binomial generalized linear mixed effects models with logit link. All
covariates other than time after fire held constant at the median value, with soil moisture
(categorical) fixed at the intermediate level. Ribbons indicate 95% confidence intervals.
The probability of occurrence of most taxa increased with time after fire and for
several site moisture mediated the rate/shape the response (Figure 3.4). However, for
some species (and all seedling/sapling counts – Figure 3.5) probability of occurrence
decreased with time after fire and, for a few, site moisture altered the direction of the
response. A notable example is Poaceae spp. where probability of occurrence tended to
increase in at dry sites but decrease in medium and wet sites over time (Appendix 3.4).
Soil moisture class independently was the most commonly significant model variable
(84% of models) followed by growing degree days (48%).
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Figure 3.4: Predicted probability of occurrence of Equisetum spp. (horsetail) over time
after fire at a. dry, b. medium, and c. wet sites in the Taiga Plains ecoregion of the NWT,
Canada. Predictions from binomial generalized linear mixed effects model with logit link
(n = 323) – all covariates other than time after fire held constant at the median value.
Ribbons indicate 95% confidence intervals.
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Figure 3.5: Predicted count of a. trembling aspen (Populus tremuloides) and b. black
spruce (Picea mariana) seedlings/saplings < 1.3m in height per plot over time after fire at
sites of intermediate drainage in the Taiga Plains ecozone of the Northwest Territories,
Canada. Predictions from negative binomial generalized linear mixed effects model with
log link (n = 305) – all covariates other than time after fire held constant at the median
value with soil moisture (categorical) fixed at the intermediate level. Ribbon indicates
95% confidence intervals.
Influence of time after fire on wildlife occurrence
In the PCoA, graminoids are strongly associated with very young burn sites (1-2
years post fire) indicating that bison may favour these areas. Reindeer lichen, on the other
hand, is strongly associated with older sites suggesting that woodland caribou are likely
to use more mature forest. The forage plots for moose, caribou, bison, and black bear
(Figure 3.6) all imply that habitat use will rise over time due to increasing levels of
forage. However, for moose and black bear this is not in keeping with the identified
timeline of top habitat use. Similarly, although bison did not have a specific timeline
identified, this species is known to select for relatively young burn areas (Campbell and
Hinkes, 1983; Leverkus, 2015). Given these results, we deemed it inappropriate to
attempt to use forage plots to predict timelines of species overlap after fire. Forage plots
covering different moisture classes (Figure 3.7) support the hypothesis that how wet a site
is will likely influence forage recovery, with implications for local wildlife. Note that
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Plains plots are displayed here because all focal wildlife taxa occur in the Plains region.
A full set of forage plots covering different moisture classes in both the Plains and the
Shield can be found in Appendix 3.5.
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Figure 3.6: Predicted probability of occurrence over time after fire for forage species of a. woodland caribou, b. moose, c. wood bison, d. snowshoe
hare, and e. black bear in the Taiga Plains ecoregion of the NWT, Canada. Predictions from binomial generalized linear mixed effects models with
logit link (n = 323) – all covariates other than time after fire held constant at the median value with soil moisture (categorical) fixed at the
intermediate level. Thicker lines indicate forages that were noted as most consumed or selected during at least one season in multiple studies from
literature review (Chapter 2). Grey bars indicate timelines of top habitat use based on Hins et al. (2009) for caribou, Maier et al. (2005) for moose,
Allard-Duchêne et al. (2014) and Hodson et al. (2011) for snowshoe hare, and Mosnier et al. (2008) for black bear. Forage species: aspen - Populus
tremuloides, aster – Aster spp., birch – Betula spp., blueberry – Vaccinium uliginosum, cranberry – Vaccinium vitis-idaea, horsetail – Equisetum spp.,
reindeer lichen – Cladina/Cladonia spp., grass – Poaceae spp., reedgrass - Calamagrostis spp., sedge – Cyperaceae spp., soap berry – Shepherdia
canadensis, spruce – Picea mariana, and willow – Salix spp. Image credits: caribou – clipart-library.com, moose and bison – public domain, hare –
Anastassia CC BY 4.0, bear - Bob Comix CC BY 4.0 – full details in Appendix 3.6).
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Figure 3.7: Predicted probability of occurrence over time after fire for forage species of
woodland caribou at a. dry, b. medium, and c. wet sites in the Taiga Plains ecoregion of
the NWT, Canada. Predictions from binomial generalized linear mixed effects models
with logit link (n = 323) – all covariates other than time after fire held constant at the
median value. Thicker lines indicate forages that were noted as most consumed or
selected during at least one season in multiple studies from literature review (Chapter 2).
Grey bars indicate timeline of top habitat use by caribou in Quebec based on Hins et al.
(2009). Forage species: aster – Aster spp., birch – Betula spp., blueberry – Vaccinium
uliginosum, cranberry – Vaccinium vitis-idaea, and willow – Salix spp. Image credit:
clipart-library.com – details in Appendix 3.6
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Discussion
The goals of this study were to 1) determine how time after fire and local
environmental conditions influence boreal vegetation community; and 2) to examine
whether information about post-fire vegetation recovery can be used to anticipate when
boreal wildlife taxa are likely to select for burned areas, and where overlap in wildlife use
may occur. Time after fire had a significant influence on both full plant community and
most of the individual forage taxa examined. However, no clear successional patterns in
full plant community composition were identifiable after the first few years following
fire. The pattern and speed of vegetation recovery after fire varied greatly by species and
was often mediated by soil moisture. Soil moisture itself was one of the most influential
variables for both plant community composition and individual species occurrence
following fire, emphasizing the importance of environmental conditions on boreal
vegetation assembly processes. PCoA results suggested that bison would likely select for
younger stand ages due to an abundance of grasses, whereas caribou would be more
likely to use older sites, which were associated with reindeer lichen. Forage plots
indicated that the abundance of food taxa will generally increase over time for all wildlife
species examined. However, the success of using the relative abundance of forage to
predict wildlife selection of burned areas was inconsistent with our current understanding
of post-fire habitat use. Our results provide novel information on recovery patterns and
the influence of fire and a range of environmental variables on both forage species
recovery and plant community composition in the northern boreal forests of North
America. They also add support to previous literature describing the influence of fire and
moisture on boreal plant community assembly.
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Influence of time after fire and environmental variables on plant community
The PCoAs displayed clear compositional differences between new burns (1-2
years post fire) and older burns, but no other trends in plant community over time after
fire were evident. However, as we did not sample stands ranging from 5 - 30 years postfire, we were unable to assess when plant community composition stabilized. New burns
tended to be associated with forbs such as Epilobium angustifolium (fireweed), grasses,
and deciduous taxa such as Betula spp. and Populus spp. Although Black and Bliss
(1978) stated that vascular plants did not follow a clear successional trajectory over the
long term, they did note that certain grasses, Salix spp. (willow) and Betula glauca (white
birch) quickly resprouted or recolonized sites after fire and Epilobium angustifolium is
well-known to increase in abundance after disturbance (Black and Bliss, 1978; Hammond
et al., 2019; Markham and Essery, 2015). The separation between the new burns and
older sites is likely due environmental changes caused by vegetation recovery in the first
few years post-fire. Very young sites are more likely to have ample light and abundant
exposed soil for species establishment. Within a few years, vegetation will likely cover
much of the exposed areas and start shading the ground to the detriment of sun-loving
plants such as Epilobium angustifolium and Calamagrostis canadensis (Lieffers and
Stadt, 1994; Macdonald and Lieffers, 1993).
Time after fire explained the greatest amount of variation in plant community
composition on the Plains and the second greatest amount on the Shield. This supports
the hypothesis that time after fire has an important influence on boreal plant community
composition. However, the effect of time after fire was mediated by other environmental
variables. Nearly all variables and interactions examined significantly influenced plant

101

community composition in both ecoregions. Notably, soil moisture explained the greatest
amount of variation on the Shield and was the second most influential variable on the
Plains. This suggests that, while time after fire is an important driver of boreal plant
community composition, local environmental conditions, particularly soil moisture, are
also highly influential. Day et al. (2020) also noted the importance of moisture on boreal
plant community composition in burned areas, finding that understory vegetation
communities in wetter sites tended to be resilient after fire, whereas vegetation
communities in dry areas often differed compositionally from mature sites; as dry sites
with thinner organic layers tended to have more colonizers and fewer resprouters. The
influence of moisture also has implications related to climate change. Climate change is
causing precipitation over much of the boreal biome to increase; however, greater
evapotranspiration due to more rapidly warming temperatures may lead to dryer
conditions in some areas (Price et al., 2013). Many parts of boreal North America have
suffered from severe droughts since 1995 and in the west, where this research is based,
both the frequency and severity of droughts are expected to increase over time (Price et
al., 2013). Our results suggest that climate change-driven alterations to moisture regime,
particularly when combined with increased fire, may alter plant communities from their
historical state. In western North America, this will likely mean that species adapted to
dryer conditions will become more abundant across the landscape. Considering the
results from Day et al. (2020), dryer conditions combined with an increased fire
frequency may also lead to a greater dominance of colonizer taxa as compared to
resprouting species.
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Though most variables and interactions were significant, each only explained a
small proportion of total plant community variation. This is likely due to the large
number of environmental factors that can influence boreal plants. In addition to the
variables included in our analyses, nutrient and light availability, soil pH, pre-fire forest
type, presence/amount of woody debris and bare ground on site, and intermediate
disturbances such as windthrow or disease have all been found to influence boreal
vegetation community composition (Bonin et al., 2019; Day et al., 2017; Hollingsworth
et al., 2013; Taylor and Chen, 2011). This again emphasizes the need for scientists and
land managers to consider a range of local environmental conditions when anticipating
vegetation recovery after fire.
Influence of time after fire and environmental variables on wildlife forage species
Time after fire, or one of its interactions was significant in 84% of models. This
supports our hypothesis that time after fire influences boreal vegetation over the long
term. However, the speed and pattern of recovery varied considerably among species.
This can be explained by a combination of individual plant taxa following differing
growth and reproductive strategies, and systematic changes in biotic and abiotic site
conditions over time. The influence of time after fire on boreal plants would, of course,
initially be driven by the destruction of individuals and recolonization of vegetation in a
burned area. Fire also destroys part or all of the organic layer, increases soil pH, alters
soil fungal communities, and releases a pulse of plant available nutrients (Day et al.,
2019; Simard et al., 2001; Walker et al., 2018a). However, through time, increasing
canopy closure will limit the amount of light reaching the ground to the detriment of
more light demanding species and both soil nutrient availability and pH tend to decline as
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the organic layer recovers (Brais et al., 1995; Lavoie and Mack, 2012; Lieffers and Stadt,
1994; Simard et al., 2001). These are just some of the changes that may influence the
favourability of a site to different species, potentially leading to fluctuations in relative
abundance over time.
The speed and pattern of plant recovery after fire was regulated by soil moisture
in 40% of models (six of 15 taxa examined, including both Plains and Shield region).
This observation supports previous research indicating that soil moisture can influence
fire severity in terms of organic layer combustion (Hollingsworth et al., 2013; Kane et
al., 2007; Walker et al., 2018a, 2018b). Soil organic layer combustion influences both
trees and understory vegetation recovery following fire (Bernhardt et al., 2011; Day et
al., 2020, 2017; Hollingsworth et al., 2013; Tsuyuzaki et al., 2013); greater combustion
often favours the regeneration of deciduous taxa over spruce (Johnstone et al., 2020,
2010; Tsuyuzaki et al., 2013). Wetter sites experience lower proportional SOL
combustion, meaning that the resulting seedbed is organic (Walker et al., 2018a, 2017).
Hence, these sites would be expected to have greater proportions of resprouters and
plants that rely on survival in residual patches (Day et al., 2020; Hollingsworth et al.,
2013; Tsuyuzaki et al., 2013). The interaction between time after fire and soil moisture
may also simply be explained by plants having differing adaptations to moisture,
affecting growth and competition. Soil moisture alone was the most commonly
significant covariate in our models, consistent with our PERMANOVA results indicating
that it is one of the most influential variables on plant community in both the Plains and
the Shield. This is not surprising as previous research has found a significant influence of
moisture on both overstory and understory composition, abundance, richness and
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diversity in boreal North America (Day et al., 2020; Echiverri and Macdonald, 2019;
Mallon et al., 2016; Taylor and Chen, 2011). Soil moisture can affect vegetation both
through its direct impact on plant available water and its association with factors such as
nutrient availability, temperature, and decomposition, with moister sites often having
cooler conditions and slower decomposition rates (Araya et al., 2013; Gundale et al.,
2009; Holden et al., 2016; Sierra et al., 2017).
Time after fire was associated with a significant decrease in the abundance of
seedlings and saplings for all species modelled. Birch and aspen seedling/sapling counts
decrease sharply within the first few years, then more steadily over the longer term. This
is likely both due to natural thinning and fast growth meaning that they rapidly transition
out of the seedling/sapling stage. As the trees continue to grow, they likely become less
important to local wildlife due reduced accessibility of foliage. This indicates that
deciduous trees may initially provide a pulse of food after fire which decreases over time,
particularly for smaller animals such as snowshoe hare. However, growth of deciduous
taxa does not mean that they no longer contribute as forage at all. Moose are known to
consume aspen bark in winter and spring, likely a response to restricted access to higher
quality forage (Miquelle and Van Ballenberghe, 1989). Also, snowshoe hare have been
known to consume squirrel clipped twigs in fall and winter, and heavy snow may bend
tree branches making them more accessible to this, and possibly other, wildlife species
(Hodges, 2000; Smith et al., 1988).
Influence of time after fire on wildlife occurrence
In terms of wildlife, PCoA results suggest that bison would be the most likely of
the study species to use young burns given the greater abundance of grasses in these
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areas. This is consistent with research suggesting that fire creates more favourable open
habitat for wood bison in Alaska and Northern BC (Campbell and Hinkes, 1983;
Leverkus, 2015). Fire can also open pathways between preferred habitat patches,
allowing bison to access the forage within them (Campbell and Hinkes, 1983). The
ordinations of vegetation composition also support previous research suggesting that
woodland caribou prefer mature forest habitat over disturbed areas (Hins et al., 2009;
Rettie and Messier, 2000). Reindeer lichen, an extremely important forage for caribou,
was strongly associated with older sites (Fischer and Gates, 2005; Thompson et al.,
2015). This is consistent with previous research that indicates that reindeer lichen may
take anywhere from 30 to 75 years to recover from fire depending on the environment
(Greuel et al., 2021; Russell and Johnson, 2019). Our results also support previous
literature suggesting that increased fire due to climate change may benefit wood bison,
but be detrimental to caribou (COSEWIC, 2014, 2013; Species at Risk Committee, 2016)
through increasing the amount of grass and decreasing the availability of lichen across
the landscape.
Forage plots generally indicated increasing forage abundance with time after fire.
As a result, the plots for moose, bison, and black bear suggest that these species should
favour older sites. However, this does not correspond with timeframes identified in the
literature which indicate that moose occurrence peaks at ~11-30 years post-fire (Maier et
al., 2005), black bears select for sites 5-20 years post-disturbance, and that bison tend to
use younger burns (Campbell and Hinkes, 1983; Leverkus, 2015). The caribou forage
plot appears more accurate as the timeline of use from Hins et al. (2009) coincides with
the highest occurrence of reindeer lichen (Fischer and Gates, 2005; Species at Risk
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Committee, 2012a; Thompson et al., 2015). The snowshoe hare plot may also be more
accurate, as the timeline of top habitat use from Allard-Duchêne et al. (2014) and Hodson
et al. (2011) appears to be when both trees/shrubs and grasses are at intermediate
abundance, potentially fulfilling a range of nutritional requirements. Plots for different
moisture classes suggest that wildlife use of burned areas will likely depend on how wet a
site is, as this mediates forage abundance over time for many taxa.
There are several potential explanations for why forage plots had limited success
in predicting wildlife use of burned areas. First, although a forage species exists on site, it
may not always be a favoured food source. The size and developmental stage of a plant
can influence it’s nutritional value, palatability, and accessibility to wildlife (Raynor et
al., 2015; Reichardt et al., 1984; Zhou et al., 2017). Juvenile Betula neoalaskana (a sister
species to paper birch) twigs contain higher levels of secondary compounds than mature
individuals, and are less selected by both moose and snowshoe hare (Reichardt et al.,
1984). Similarly, Sinclair and Smith (1984) noted that snowshoe hare preferred mature
growth form Picea glauca (white spruce), Salix alaxensis (feltleaf willow), and Populus
balsamifera (balsam poplar) over intermediate or juveniles forms. This suggests that,
even if these species are common on site within a few years of fire, animals may not start
to use the area until the plants have had time to mature. By the same token, berry species
such as Shepherdia canadensis (soapberry) may take a few years to start setting fruit, and
berry production will likely decline over time with increasing canopy cover (Hamer,
1996). As a result, bears would be expected to use Shepherdia-rich sites less often over
the first few years of recovery or in mature stands.
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The availability of forage of an appropriate developmental stage is only a piece of
the puzzle when predicting if/when an animal will use a particular area. A variety of
conditions can influence habitat selection including thermal and security cover (Renecker
and Hudson, 1992; Skatter et al., 2017; Street et al., 2015), predation risk (McCulley et
al., 2017; Rettie and Messier, 2000), proximity to water (McCulley et al., 2017; Mosnier
et al., 2008), ease of movement due to firmness of ground or amount of deadfall
(Belanger et al., 2020; Legat and Chocolate, 2012; Metsaranta et al., 2003), snow depth
and condition (McCulley et al., 2017; Renecker and Hudson, 1992), insect avoidance
(Belanger et al., 2020; Renecker and Hudson, 1992) and proximity to anthropogenic
disturbance (Hins et al., 2009; Latham et al., 2011; Mosnier et al., 2008). Bison, notably,
have been shown to select habitat with firmer ground and fewer biting insects in summer
over areas with maximum forage availability (Belanger et al., 2020). Similarly, moose in
Alberta are known to periodically select for areas with less food in order to avoid extreme
thermal stress or insect harassment on forage-rich sites (Renecker and Hudson, 1992).
It is also important to note that the timelines of top habitat use included on the
forage plots for snowshoe hare, woodland caribou, and black bear were taken from
studies in boreal Quebec and Ontario. These areas would be subject to different
environmental conditions than the NWT, including longer growing seasons. This likely
allows for quicker regeneration of plants and differing vegetation communities. In the
boreal NWT, timeframes of peak habitat use are likely to be somewhat later than the age
ranges displayed on the forage plots, but no studies identifying more northern timelines
were found. Even at similar latitudes, timelines of habitat use may vary due to sitespecific conditions. It is also notable that, due to the nature of our data, we were unable to
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model trends more complicated that a logistic curve. Certain forage taxa may follow
more subtle trends in abundance over time that we were unable to detect, potentially
influencing wildlife selection of burned areas. In addition, there may be trends in relative
abundance during the first 30-years of succession that we missed due to the lack of
sampling data covering 5-29 years post fire.

Conclusion
This project provides novel information about boreal vegetation recovery after
fire in connection with local environmental conditions with a focus on wildlife forage.
Though time after fire was important, it only explained a small amount of total variation
in either vegetation community composition or the relative abundance of individual
forage taxa. This indicates that local environmental conditions, particularly moisture, are
extremely important and should be considered in any future attempts to predict or model
fire recovery trajectories. We suggest further research on fire recovery that focusses on
areas with specific environmental conditions to help scientists and local people anticipate
the impact of increased fire on different habitat types across the boreal biome. We
suggest careful examination of the first 30 years after fire as this timeframe was not
represented in our data set and stands >30 years post-fire seemed to have reached
compositional stability.
Our forage plots generally indicated long term increases in forage abundance with
time after fire. However, predicted timelines of high forage abundance did not always
match with known timelines of wildlife use of burned areas. This is likely because of
both statistical limitations and the wide variety of factors that can influence habitat
selection. We suggest that future researchers build on this project by developing more
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nuanced habitat selection models for boreal North America including variables such as
proximity to anthropogenic disturbance, ease of movement, and predation risk in addition
to forage recovery.
Climate change is causing the size and frequency of fires to increase and altering
precipitation patterns across boreal North America (Price et al., 2013; Veraverbeke et al.,
2017; Walker et al., 2020). Our results suggest that, in western North America where
drought is becoming more common (Price et al., 2013), this may shift plant communities
towards greater dominance of taxa adapted to dry conditions and those which recover
rapidly following fire, such as grasses and deciduous species. This may benefit wildlife
which preferentially feed on such taxa such as moose and bison (Larter, 1988; Renecker
and Schwartz, 2007), but will likely be detrimental to caribou which consume large
amounts of slow growing lichens (Greuel et al., 2021; Thompson et al., 2015). Increased
fire combined with dryer conditions may also lead to more, high severity burns,
potentially causing greater dominance of colonizer species across the landscape
compared to those which resprout after disturbance (Day et al., 2020).
The impacts of climate change on the boreal biome are expected to be both many
and varied. Though our project adds to our understanding of post-fire ecosystem
recovery, there are still many questions to be addressed about the influence of increasing
fire activity on boreal forests and the wildlife that inhabit them. Further research is
required on a multitude of issues, from biological to social, to give both land managers
and local people the resources they need to anticipate and adapt to these impacts over
time, across the extent of boreal North America.
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Appendix 3.1 – PCoA plots displaying moisture gradient

Figure 3.8: Plot scores for principal coordinate analysis of plant community composition
based on Hellinger transformed abundance using Gower's Index in the Taiga Plains
ecoregion of the Northwest Territories, Canada. Colours indicate soil moisture class at
each plot. Values in brackets indicate the proportion of total variation in plant community
explained by each axis. Second pane illustrates the species scores for each axis, with
higher species scores further from plot origin.
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Figure 3.9: Plot scores for principal coordinates analysis (PCoA) of plant community
composition based on Hellinger transformed abundance using Gower's Index in the Taiga
Shield ecoregion of the Northwest Territories, Canada. Colours indicate soil moisture at
each plot. Values in brackets indicate the proportion of total variation in plant community
explained by each axis. Second pane illustrates the species scores for each axis, with
higher species scores further from plot origin.
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Appendix 3.2 – Correlation of environmental variables with PCoA axes

Figure 3.10: Plot scores for principal coordinates analysis (PCoA) of vegetation
community composition based on Hellinger transformed abundance using Gower's Index
in the Taiga Plains ecoregion of the Northwest Territories, Canada. Arrows indicate the
association of environmental variables with plot scores as determined with the envfit
function in vegan (scaled to fit within plot area). Colour scale indicates the number of
years after fire that data was collected at each plot. All plots > 100 years post-fire are
coloured dark red as there is relatively little data covering a large age range after this
time. Values in brackets indicate the proportion of total variation in plant community
explained by each axis.
Table 3.5: Correlation scores, R2, and p-values for the correlation between environmental
variables and the primary two axes of principle coordinates analysis of vegetation
community composition based on Hellinger transformed abundance using Gower's Index
in the Taiga Plains ecoregion of the NWT. Analysis performed using the envfit function
from vegan.
Variable
Elevation
Latitude
Pres/abs of ground ice
Moisture class
Growing degree days
Organic soil depth
SPD
Time after fire

Correlation
Axis 1
0.83
0.41
-0.40
-0.46
-0.57
-0.77
-0.80
-0.95

Correlation
Axis 2
0.56
-0.91
-0.92
-0.89
0.82
-0.64
-0.60
0.32

r2 value

p-value

0.08
0.14
0.17
0.36
0.16
0.27
0.26
0.41

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
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Figure 3.11: Plot scores for principal coordinates analysis (PCoA) of vegetation
community composition based on Hellinger transformed abundance using Gower's Index
in the Taiga Shield ecoregion of the Northwest Territories, Canada. Arrows indicate the
association of environmental variables with plot scores as determined with the envfit
function in vegan (scaled to fit within plot area). Colour scale indicates the number of
years after fire that data was collected at each plot. All plots > 100 years post-fire are
coloured dark red as there is relatively little data covering a large age range after this
time. Values in brackets indicate the proportion of total variation in plant community
explained by each axis.
Table 3.6: Correlation scores, R2, and p-values for the correlation between environmental
variables and the primary two axes of principle coordinates analysis of vegetation
community based on Hellinger transformed abundance using Gower's Index in the Taiga
Shield ecoregion of the NWT. Analysis performed using the envfit function from vegan.
Variable
Moisture class
Organic soil depth
SPD
Pres/abs of ground ice
Latitude
Elevation
Growing degree days
Time after fire

Correlation
Axis 1
0.92
0.88
0.85
0.85
0.51
0.42
-0.45
-0.46

Correlation
Axis 2
-0.39
-0.47
-0.53
-0.53
0.86
0.91
-0.89
-0.89

r2 value

p-value

0.54
0.39
0.41
0.40
0.61
0.33
0.34
0.39

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
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Appendix 3.3 – Ordination species
Table 3.7: Species abbreviations, definitions, and scores associated with the primary two
axes of principle coordinate analysis ordinations of vegetation community based on
Hellinger transformed abundance using Gower's Index in the Taiga Plains and Taiga
Shield ecoregions of the NWT.
Abbreviation
Achmil
Alncri
Amealn
Andpol
Anecan
Anemul
Anepar
Anepav
Anesp
Antmic
Antpul
Aqubre
Aqusp
Arasp
Arcrub
Arcuva
Aresp
Artcam
AstespAll
Astsp
Aulpal
Betgla
Betpap
Betsp
Brasp
Buepun
Calsp
Camrot
Casmin
Casrau
Cernut
Cersp

Species
Achillea millefolium
Alnus crispa
Amelanchier alnifolia
Andromeda polifolia
Anemone canadensis
Anemone multifida
Anemone parviflora
Anemone pavonina
Anemone genus
Antennaria mycrophylla
Antennaria
pulcherimma
Aquilegia brevistyla
Aquilegia genus
Arabis genus
Arctostaphylos rubra
Arctostaphylos uva-ursi
Arenaria genus
Artemisia campestris
Aster genus
Asteraceae family
Aulacomnium palustre
Betula glauca
Betula papyrifera
Betula genus
Brassiacaceae family
Buellia punctata
Calamagrostis genus
Campanula rotundifolia
Castilleja miniate
Castilleja raupii
Cerastium nutans
Cerastium genus

Axis 1
Plains
-1.88 x 10-1
2.11 x 10-2
5.13 x 10-2
-1.72 x 10-1
2.35 x 10-1
3.27 x 10-2
-1.43 x 10-1
-5.93 x 10-2
9.47 x 10-2
-4.17 x 10-2

Axis 2
Plains
0.12
0.16
0.07
-0.39
0.09
0.12
0.21
-0.03
0.18
0.08

Axis 1
Shield
NA
0.05
NA
0.36
NA
NA
NA
NA
NA
NA

Axis 2
Shield
NA
-0.31
NA
0.20
NA
NA
NA
NA
NA
NA

-1.24 x 10-1

0.05

NA

NA

-9.47 x 10-2
-5.59 x 10-2
1.16 x 10-1
-5.42 x 10-1
1.47 x 10-1
1.16 x 10-1
NA
-2.68 x 10-1
1.48 x 10-1
4.65 x 10-3
7.21 x 10-2
1.25 x 10-1
-5.77 x 10-1
-4.48 x 10-2
NA
3.27 x 10-1
1.67 x 10-1
-7.03 x 10-3
-7.49 x 10-2
-6.95 x 10-2
1.37 x 10-1

-4.5 x 10-3
-0.02
0.06
6.2 x 10-3
0.66
0.01
NA
0.39
-9.0 x 10-4
-0.01
-0.35
-0.10
-0.07
0.00
NA
-0.25
0.41
0.07
0.07
0.02
-0.11

NA
NA
NA
0.20
-0.43
NA
-0.15
0.01
NA
NA
0.27
0.12
NA
NA
0.08
0.38
-0.12
NA
NA
NA
0.06

NA
NA
NA
-0.04
0.04
NA
-0.01
-0.17
NA
NA
0.09
0.21
NA
NA
0.07
0.19
0.05
NA
NA
NA
0.11
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Cetraria
Chacal
Chesp
Chrsp
Cinlat
Cladonia
Coptri
Coraur
Corcan
Corsem
Corsemp
Corsp
Corsto
Cortri
Crycri
Cypcal
CypspAll
Descae
Drapar
Drorot
Empnig
Epiang
Epigla
Epipal
Episp
EquspAll
Erigla
Eriphi
Erisp
Fabsp
Flavocetraria
Frasp
Fraves
Fravir
Galbor
Galsp
Galtri
Geocar
Geoliv

Cetraria genus
Chamaedaphne
calyculata
Chenopodium genus
Chrysanthemum genus
Cinna latifolia
Cladonia genus
Coptis trifolia
Corydalis aurea
Cornus canadensis
Corydalis sempervirens
Corydalis sempervirens
Corydalis genus
Cornus stolonifera
Corallorhiza trifida
Cryprotgtramma crispa
Cypripedium calceolus
Cyperaceae family
Deschampsia caespitosa
Dracocephalum
parviflorum
Drosera rotundifolia
Empetrum nigrum
Epilobium angustifolium
Epilobium glandulosum
Epilobium palustre
Epilobium genus
Equisetum genus
Erigeron glabellus
Erigeron philadelphicus
Erigeron genus
Fabaceae family
Flavocetraia genus
Fragaria genus
Fragaria vesca
Fragaria virginiana
Galium boreale
Galum genus
Galum trifidum
Not recorded
Geocaulon lividum

-1.02 x 10-1

0.18

-0.47

0.06

-2.02 x 10-2

-0.30

0.37

-0.28

9.93 x 10-2
3.09 x 10-2
-7.47 x 10-2
-5.89 x 10-1
-4.37 x 10-2
3.00 x 10-1
2.71 x 10-1
1.82 x 10-1
NA
-4.41 x 10-2
9.45 x 10-2
2.55 x 10-2
NA
-1.50 x 10-1
-3.84 x 10-1
8.08 x 10-3

6.3 x 10-3
0.09
-0.06
0.39
0.06
-0.07
0.43
-0.10
NA
0.06
0.05
0.08
NA
0.07
-0.25
-0.09

NA
NA
NA
-0.80
0.20
-0.04
NA
0.09
-0.20
1.1 x 10-3
NA
NA
-0.47
NA
0.29
-0.19

NA
NA
NA
-0.45
-0.02
0.22
NA
0.39
0.04
0.09
NA
NA
0.12
NA
-0.17
-0.07

5.66 x 10-1

0.08

0.06

0.05

-1.85 x 10-1
-3.44 x 10-1
4.64 x 10-1
1.48 x 10-1
-2.16 x 10-2
-6.01 x 10-5
-2.17 x 10-1
1.83 x 10-2
-8.28 x 10-2
1.08 x 10-1
1.08 x 10-1
-1.81 x 10-1
-3.51 x 10-3
-8.74 x 10-2
-4.60 x 10-3
3.05 x 10-1
-8.26 x 10-2
-1.56 x 10-1
5.59 x 10-2
-3.89 x 10-1

-0.23
-0.13
-0.08
-0.05
0.05
0.04
-0.32
-0.06
0.05
-7.4 x 10-3
0.11
0.07
0.04
0.09
0.41
0.42
-0.02
0.16
7.5 x 10-3
0.14

0.17
0.35
0.26
0.08
0.05
NA
0.63
NA
NA
NA
NA
-0.74
NA
-0.01
NA
NA
NA
NA
NA
0.12

-0.06
-0.22
0.36
0.06
0.07
NA
-0.28
NA
NA
NA
NA
-0.03
NA
-0.07
NA
NA
NA
NA
NA
-0.28
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Gerbic
Geusp
Habhyp
Habobt
Habsp
Hedalp
Hedbor
Hedsp
Hiesp
Hieumb
Hylocomium.o
r.Pleurozium
Junbal
Juncom
Junhor
Junsp
Larlar
Latoch
Leddec
Ledgro
Ledsp
Lemmin
Leptin
Leysp
Lilsp
Linbor
Londio
Lyccla
Lyccom
Maisp
Mellin
Mitnud
Monuni
Myrgal
Orcrot
Orcsp
Orysp
Oxydef
Oxymic
Parpal

Geranium Biknellii
Geum genus
Habenaria hyperborean
Habenaria obtusata
Habenaria genus
Hedysarum alpinum
Hedysarum boreale
Hedysarum genus
Hieracium genus
Hieracium umbellatum
Hylocomnium or
Pleurozium genus
Juncus balticus
Juniperus communis
Juniperus horizontalis
Juncus genus
Larix laricina
Lathyrus ochroleucus
Ledum decumbens
Ledum groenlanducum
Ledum genus
Lemna minor
Not recorded
Laymus genus
Liliaceae family
Linnea borealis
Lonicera dioica
Lycopodium clavatum
Lycopodium
complanatum
Maianthemum genus
Melanpyrum lineare
Mitella nuda
Moneses uniflora
Myrica gale
Orchis rotundifolia
Orchidacea family
Oryzopsis genus
Oxytropis deflexa
Oxycoccus microcarpus
Parnassia palustris

5.66 x 10-1
5.16 x 10-2
-1.80 x 10-1
-1.89 x 10-1
-3.76 x 10-2
5.20 x 10-2
1.98 x 10-1
9.44 x 10-2
1.33 x 10-1
9.91 x 10-2

0.04
-0.07
-0.01
0.06
0.08
0.26
0.08
0.03
0.01
0.06

0.06
NA
NA
0.08
NA
NA
NA
NA
NA
NA

0.05
NA
NA
-0.17
NA
NA
NA
NA
NA
NA

-5.43 x 10-1

0.32

-0.12

-0.71

-2.57 x 10-1
-1.99 x 10-1
-3.78 x 10-1
-1.10 x 10-1
-4.80 x 10-1
6.51 x 10-2
-1.66 x 10-1
-3.03 x 10-1
-8.42 x 10-2
NA
5.13 x 10-2
3.19 x 10-1
-1.52 x 10-2
1.29 x 10-1
-6.41 x 10-2
-2.15 x 10-1

-0.04
0.42
0.18
-0.02
-0.25
0.12
-0.33
-0.52
-0.05
NA
0.04
0.07
-0.21
0.68
0.14
0.01

NA
-0.19
-0.15
NA
0.20
NA
0.41
0.70
NA
0.06
NA
-0.02
NA
-1.5 x 10-3
NA
-2 x 10-3

NA
0.02
-7.2 x 10-3
NA
-0.40
NA
-0.06
-0.06
NA
-0.04
NA
0.12
NA
-0.34
NA
-0.10

NA

NA

-0.11

-0.02

2.52 x 10-2
NA
-3.76 x 10-1
-7.98 x 10-4
-1.73 x 10-1
-2.54 x 10-1
-1.51 x 10-1
3.46 x 10-1
-5.73 x 10-2
-1.49 x 10-1
-2.62 x 10-1

-0.04
NA
-0.10
0.12
-0.33
8.4 x 10-3
-0.02
0.11
0.00
-0.39
-0.02

NA
-0.15
NA
NA
0.12
NA
NA
NA
NA
0.47
NA

NA
-7.2 x 10-3
NA
NA
6.7 x 10-3
NA
NA
NA
NA
0.06
NA
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Parpar
Pedlab
Pedpar
Pedsp
Pelaph
Petfri
Petpal
Petsag
Phafra
Picgla
Picmar
Picsp
Pinban
Pinvul
Plaeri
PoacspAll
Polsp
Polvir
Polviv
Popbal
Poptre
Potans
Potfru
Potgra
Potpal
Potsp
Pyrasa
Pyrell
Pyrmin
Pyrsec
Pyrsp
Pyrvir
Pyssp
Ranabo
Ranlap
Ransce
Ransp
ReindeerLiche
n
Ribame

Parnassia parviflora
Pedicularis labradorica
Pedicularis parviflora
Pedicularis genus
Peltigera aphthosa
Petasites frigidus
Petasites palmatus
Petasites sagittatus
Phacelia franklinii
Picea glauca
Picea mariana
Picea genus
Pinus banksiana
Pinguicula vulgaris
Not recorded
Poaceae family
Polygonum genus
Polypodium
virginianum
Polygonum viviparum
Populus balsamea
Populus tremuloides
Potentilla anserina
Potentilla fruticosa
Potentilla gracilis
Potentilla palustris
Potentilla genus
Pyrola asarifolia
Pyrola elliptica
Pyrola minor
Pyrola secunda
Pyrola genus
Pyrola virens
Not recorded
Ranunculus abortivus
Ranunculus lapponicus
Ranunculus sceleratus
Ranunculus genus
Cladina genus and
Cladonia uncialis
Ribes Americanum

2.79 x 10-3
-1.69 x 10-1
-8.68 x 10-2
-1.20 x 10-1
8.25 x 10-2
-7.03 x 10-3
-6.07 x 10-3
-2.08 x 10-1
3.09 x 10-1
-1.07 x 10-1
-7.79 x 10-1
-4.57 x 10-3
-3.17 x 10-2
-5.44 x 10-2
-5.82 x 10-2
3.63 x 10-1
7.77 x 10-3

-0.05
0.04
-0.05
0.01
-0.04
0.07
0.09
-0.21
0.06
0.21
0.05
0.03
0.51
0.06
-0.04
-0.02
-0.01

NA
NA
NA
NA
0.02
NA
NA
NA
NA
-0.08
-8 x 10-4
NA
-0.72
NA
NA
0.24
NA

NA
NA
NA
NA
0.01
NA
NA
NA
NA
-0.25
-0.85
NA
0.04
NA
NA
0.01
NA

NA

NA

-0.08

-0.06

-9.81 x 10-2
1.50 x 10-2
3.93 x 10-1
1.55 x 10-2
-4.62 x 10-1
-5.38 x 10-2
-1.56 x 10-2
3.31 x 10-2
-1.32 x 10-1
-4.06 x 10-2
-1.08 x 10-1
-4.12 x 10-2
-1.18 x 10-1
-2.06 x 10-1
-7.14 x 10-3
2.27 x 10-2
-5.29 x 10-2
5.08 x 10-2
-5.67 x 10-2

0.03
0.19
0.17
-0.12
0.23
-0.10
-0.10
-0.10
0.10
0.03
9.4 x 10-3
0.31
0.16
0.25
-0.09
-0.03
0.02
-0.07
3.8 x 10-3

NA
NA
0.02
NA
NA
NA
0.1514
NA
-0.03
NA
0.08
0.06
NA
0.08
NA
NA
NA
NA
NA

NA
NA
0.15
NA
NA
NA
-0.181
NA
-0.09
NA
-0.34
-0.18
NA
-0.24
NA
NA
NA
NA
NA

-6.41 x 10-1

0.28

-0.81

-0.37

NA

NA

0.04

-0.14
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Riblac
Riboxy
Ribsp
Rosaci
Rossp
Rubaca
Rubcha
Rubida
Rubpub
Rubsp
SalspAll
Saxtri
Senlug
Senpau
Sensp
Shecan
Smitri
Solmul
Solspa
Sphagnum
Stecal
Stereocaulon
Stesp
Taroff
Thasp
Tofglu
Trimar
Tripal
Vacmyr
Vacsp
Vaculi
Vacvit
Vibedu
Vicame
Viciasp
Vioadu
Vioren
Viosp
Wooilv
Zygele

Ribes lacustre
Ribes oxyacanthoides
Ribes genus
Rosa acicularis
Rosaceae family
Rubus acaulis
Rubus chamaemorus
Rubus idaeus
Rubus pubescens
Ruuis genus
Salix genus
Saxifraga tricuspidata
Not recorded
Senecio pauperculus
Senecio genus
Shepherdia canadensis
Smilacina trifolia
Solidago multiradiata
Solidago spathulata
Sphagnum genus
Stellaria calycantha
Stereocaulon genus
Stellaria genus
Taraxacum officinale
Thalictrum genus
Tofielda glutinosa
Triglochin maritima
Triglochin palustris
Vaccinium myrtilloides
Vaccinium genus
Vaccinium uliginosum
Vaccinium vitis-idaea
Viburnum edule
Vicia americana
Vicia genus
Viola adunca
Viola renifolia
Viola genus
Woodsia ilvensis
Zygadenus elegans

-6.05 x 10-2
2.73 x 10-2
1.02 x 10-1
3.48 x 10-1
7.35 x 10-2
-3.09 x 10-1
8.49 x 10-2
8.21 x 10-2
-5.83 x 10-2
-9.93 x 10-2
-4.02 x 10-1
-6.78 x 10-2
-7.98 x 10-2
4.81 x 10-2
NA
-1.46 x 10-1
-2.36 x 10-1
2.67 x 10-2
3.97 x 10-2
-1.16 x 10-1
-2.99 x 10-3
-3.91 x 10-2
2.13 x 10-1
3.17 x 10-2
2.57 x 10-2
-1.99 x 10-1
-8.42 x 10-2
-1.02 x 10-1
-2.80 x 10-2
6.08 x 10-2
-1.22 x 10-1
-7.23 x 10-2
4.22 x 10-2
2.71 x 10-2
8.59 x 10-2
4.12 x 10-2
-2.28 x 10-1
-1.42 x 10-1
NA
1.37 x 10-1

7.5 x 10-3
0.02
-0.05
0.60
-0.10
-0.17
-0.41
-0.05
-0.13
-0.07
-0.18
0.10
-0.03
7.5 x 10-3
NA
0.59
-0.22
-0.07
0.11
-0.40
-0.08
0.18
-0.07
-0.08
-0.09
-0.01
-0.05
6.9 x 10-3
-0.05
0.10
-0.27
-0.29
0.28
-6.0 x 10-4
0.03
-0.13
0.18
0.13
NA
0.32

NA
NA
0.08
-0.10
NA
0.12
0.56
-0.15
NA
NA
0.4036
-0.5705
NA
NA
-0.12
0.05
0.19
NA
NA
0.49
NA
-0.83
0.01
-0.12
NA
NA
NA
NA
NA
NA
0.45
0.43
0.01
NA
NA
NA
NA
NA
-0.12
NA

NA
NA
0.06
-0.49
NA
-0.10
0.00
0.02
NA
NA
-0.5082
0.0947
NA
NA
0.05
-0.28
-0.21
NA
NA
-0.20
NA
-0.01
0.08
0.02
NA
NA
NA
NA
NA
NA
0.18
-0.02
-0.13
NA
NA
NA
NA
NA
0.05
NA
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Appendix 3.4 – GLMM Output and Plots
Alnus crispa – Shield Region

Figure 3.12: Predicted probability of occurrence of green alder (Alnus crispa) over time
after fire at a. dry, b. medium, and c. wet sites in the Taiga Shield ecozone of the
Northwest Territories, Canada. Predictions from binomial generalized linear mixed
effects model with logit link (n = 198) – all covariates other than time after fire held
constant at the median value. Ribbon indicates 95% confidence intervals.
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Table 3.8: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of green alder (Alnus crispa) in the Taiga Shield ecozone of
the Northwest Territories, Canada. Manual backwards elimination used to find model
with lowest Akaike Information Criterion (AIC). Dry sites used as reference to test
significance of different moisture levels on species occurrence. n = 198, α = 0.05, AIC =
671.1, Marginal R2 = 0.127, Conditional R2 = 0.443.
Variable
Intercept
Time since fire
Intermediate moisture
High moisture
Fire x mid moisture
Fire x high moisture

Estimate
-3.41
0.14
1.75
0.70
1.60
0.47

Standard Error
0.33
0.27
0.50
0.29
0.55
0.30

Z value
-10.33
0.51
3.47
2.43
2.94
1.54

p-value
< 2 x 10-16
0.61
5.21 x 10-4
0.02
3.32 x 10-3
0.12
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Aster spp. - Plains

Figure 3.13: Predicted probability of occurrence of asters (Aster spp.) over time after fire
at sites of intermediate drainage in the Taiga Plains ecozone of the Northwest Territories,
Canada. Predictions from binomial generalized linear mixed effects model with logit link
(n = 323) – all covariates other than time after fire held constant at the median value with
soil moisture (categorical) fixed at the intermediate level. Time after fire not included in
final model as it is not significant. Ribbon indicates 95% confidence intervals.
Table 3.9: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of asters (Aster spp.) in the Taiga Plains ecozone of the
Northwest Territories, Canada. Manual backwards elimination used to find model with
lowest Akaike Information Criterion (AIC). Dry sites used as reference to test
significance of different moisture levels on species occurrence. n = 323, α = 0.05, AIC =
671.1, Marginal R2 = 0.11, Conditional R2 = 0.567.
Variable
(Intercept)
Organic soil depth
Growing degree days
Intermediate moisture
High moisture

Estimate
-2.92
-0.47
0.88
0.20
-0.31

Standard Error
0.29
0.13
0.23
0.29
0.24

Z value
-9.94
-3.65
3.86
0.68
-1.32

p-value
< 2 x 10-16
2.63 x 10-4
1.13 x 10-4
0.50
0.19
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Betula spp. - Plains

Figure 3.14: Predicted probability of occurrence of birch (Betula spp.) over time after
fire at sites of intermediate drainage in the Taiga Plains ecozone of the Northwest
Territories, Canada. Predictions from binomial generalized linear mixed effects model
with logit link (n = 323) – all covariates other than time after fire held constant at the
median value with soil moisture (categorical) fixed at the intermediate level. Ribbon
indicates 95% confidence intervals.
Table 3.10: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of birch (Betula spp.) in the Taiga Plains ecozone of the
Northwest Territories, Canada. Manual backwards elimination used to find model with
lowest Akaike Information Criterion (AIC). Dry sites used as reference to test
significance of different moisture levels on species occurrence. n = 323, α = 0.05, AIC =
994.6, Marginal R2 = 0.253, Conditional R2 = 0.565.
Variable
(Intercept)
Time after fire
Soil permeability depth
Pres/abs of ground ice
Intermediate moisture
High moisture
Time after fire x
pres/abs ground ice

Estimate
-3.28
0.32
0.33
0.68
1.83
2.25

Standard Error
0.29
0.17
0.12
0.22
0.30
0.28

Z value
-11.36
1.89
2.71
3.18
6.04
8.05

p-value
< 2 x 10-16
0.06
6.73 x 10-3
1.48 x 10-3
1.51 x 10-9
8.41 x 10-16

-0.40

0.19

-2.12

0.03
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Betula spp. - Shield

Figure 3.15: Predicted probability of occurrence of birch (Betula spp.) over time after
fire at sites of intermediate drainage in the Taiga Shield ecozone of the Northwest
Territories, Canada. Predictions from binomial generalized linear mixed effects model
with logit link (n = 198) – all covariates other than time after fire held constant at the
median value with soil moisture (categorical) fixed at the intermediate level. Ribbon
indicates 95% confidence intervals.
Table 3.11: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of birch (Betula spp.) in the Taiga Shield ecozone of the
Northwest Territories, Canada. Manual backwards elimination used to find model with
lowest Akaike Information Criterion (AIC). n = 198, α = 0.05, AIC = 584.1, Marginal R2
= 0.098, Conditional R2 = 0.33.
Variable
(Intercept)
Time after fire

Estimate
-1.48
-0.69

Standard Error
0.16
0.16

Z value
-9.52
-4.41

p-value
< 2 x 10-16
1.02 x10-5
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Calamagrostis spp. – Plains

Figure 3.16: Predicted probability of occurrence of reed grasses (Calamagrostis spp.)
over time after fire at sites of intermediate drainage in the Taiga Plains ecozone of the
Northwest Territories, Canada. Predictions from binomial generalized linear mixed
effects model with logit link (n = 323) – all covariates other than time after fire held
constant at the median value with soil moisture (categorical) fixed at the intermediate
level. Ribbon indicates 95% confidence intervals.
Table 3.12: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of reed grasses (Calamagrostis spp.) in the Taiga Plains
ecozone of the Northwest Territories, Canada. Manual backwards elimination used to
find model with lowest Akaike Information Criterion (AIC). n = 323, α = 0.05, AIC =
559.5, Marginal R2 = 0.413, Conditional R2 = 0.679.
Variable
(Intercept)
Time after fire
Growing degree days
Organic soil depth
Soil permeability depth

Estimate
-4.08
-1.77
-0.88
0.38
0.38

Standard Error
0.36
0.36
0.23
0.17
0.19

Z value
-11.30
-4.91
-3.82
2.23
1.98

p-value
< 2 x 10-16
9.07 x 10-7
1.33 x 10-4
0.03
0.05
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Cyperaceae spp. - Plains

Figure 3.17: Predicted probability of occurrence of sedges (Cyperaceae spp.) over time
after fire at sites of intermediate drainage in the Taiga Plains ecozone of the Northwest
Territories, Canada. Predictions from binomial generalized linear mixed effects model
with logit link (n = 323) – all covariates other than time after fire held constant at the
median value with soil moisture (categorical) fixed at the intermediate level. Ribbon
indicates 95% confidence intervals.
Table 3.13: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of sedges (Cyperaceae spp.) in the Taiga Plains ecozone of
the Northwest Territories, Canada. Manual backwards elimination used to find model
with lowest Akaike Information Criterion (AIC). Dry sites used as reference to test
significance of different moisture levels on species occurrence. n = 323, α = 0.05, AIC =
1060.3, Marginal R2 = 0.295, Conditional R2 = 0.647.
Variable
Estimate
(Intercept)
-0.58
Time after fire
0.82
Growing degree days
0.45
Soil permeability depth
0.42
Intermediate moisture
1.43
High moisture
1.81
Pres/abs of ground ice
0.71
Time x pres/abs ground ice
-0.41

Standard Error
0.23
0.19
0.18
0.14
0.24
0.23
0.22
0.21

Z value
-2.50
4.35
2.51
3.03
5.86
7.73
3.21
-1.97

p-value
0.01
1.38 x 10-5
0.01
2.48 x 10-3
4.78 x 10-9
1.07 x 10-14
1.33 x 10-3
0.05
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Equisetum spp. – Plains

Figure 3.18: Predicted probability of occurrence of horsetails (Equisetum spp.) over time
after fire at a. dry, b. medium, and c. wet sites in the Taiga Plains ecozone of the
Northwest Territories, Canada. Predictions from binomial generalized linear mixed
effects model with logit link (n = 323) – all covariates other than time after fire held
constant at the median value. Ribbons indicate 95% confidence intervals.
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Table 3.14: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of horsetails (Equisetum spp.) in the Taiga Plains ecozone of
the Northwest Territories, Canada. Manual backwards elimination used to find model
with lowest Akaike Information Criterion (AIC). Dry sites used as reference to test
significance of different moisture levels on species occurrence. n = 323, α = 0.05, AIC =
1083.1, Marginal R2 = 0.321, Conditional R2 = 0.652.
Variable
(Intercept)
Time after fire
Organic soil depth
Soil permeability depth
Intermediate moisture
High moisture
Pres/abs of ground ice
Time x mid moisture
Time x high moisture

Estimate
-1.60
0.84
-0.23
0.50
3.37
2.32
0.71
0.52
-0.51

Standard Error
0.24
0.22
0.11
0.13
0.31
0.24
0.23
0.31
0.20

Z value
-6.69
3.83
-2.03
3.92
10.98
9.74
3.15
1.68
-2.53

p-value
2.30 x 10-11
1.3 x 10-4
0.04
8.92 x 10-5
< 2 x 10-16
< 2 x 10-16
1.61 x 10-3
0.09
0.01
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Equisetum spp. - Shield

Figure 3.19: Predicted probability of occurrence of horsetails (Equisetum spp.) over time
after fire at sites of intermediate drainage in the Taiga Shield ecozone of the Northwest
Territories, Canada. Predictions from binomial generalized linear mixed effects model
with logit link (n = 198) – all covariates other than time after fire held constant with at the
median value soil moisture (categorical) fixed at the intermediate level. Ribbon indicates
95% confidence intervals.
Table 3.15: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of horsetails (Equisetum spp.) in the Taiga Shield ecozone of
the Northwest Territories, Canada. Manual backwards elimination used to find model
with lowest Akaike Information Criterion (AIC). Dry sites used as reference to test
significance of different moisture levels on species occurrence. n = 198, α = 0.05, AIC =
556.5, Marginal R2 = 0.44, Conditional R2 = 0.644.
Variable
(Intercept)
Time after fire
Growing degree days
Intermediate moisture
High moisture

Estimate
-3.95
-0.32
0.53
3.61
4.03

Standard Error
0.33
0.21
0.21
0.43
0.34

Z value
-11.79
-1.54
2.45
8.43
11.67

p-value
< 2 x 10-16
0.12
0.01
< 2 x 10-16
< 2 x 10-16
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Picea mariana – Plains

Figure 3.20: Predicted probability of occurrence of black spruce (Picea mariana) over
time after fire at a. dry, b. medium, and c. wet sites in the Taiga Plains ecozone of the
Northwest Territories, Canada. Predictions from binomial generalized linear mixed
effects model with logit link (n = 323) – all covariates other than time after fire held
constant at the median value. Ribbons indicate 95% confidence intervals.
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Table 3.16: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of black spruce (Picea mariana) in the Taiga Plains ecozone
of the Northwest Territories, Canada. Manual backwards elimination used to find model
with lowest Akaike Information Criterion (AIC). Dry sites used as reference to test
significance of different moisture levels on species occurrence. n = 323, α = 0.05, AIC =
911.8, Marginal R2 = 0.272, Conditional R2 = 0.76.
Variable
Estimate
(Intercept)
-2.72
Time after fire
1.64
Soil permeability depth
-0.26
Intermediate moisture
0.52
High moisture
1.04
Pres/abs of ground ice
1.35
Time x mid moisture
0.38
Time x high moisture
0.78
Time x pres/abs ground ice
-1.28

Standard Error
0.39
0.28
0.15
0.36
0.30
0.31
0.34
0.31
0.31

Z value
-7.01
5.93
-1.68
1.45
3.46
4.31
1.14
2.50
-4.12

p-value
2.41 x 10-12
3.11 x 10-9
0.09
0.15
0.00
1.62 x 10-5
0.26
0.01
3.74 x 10-5

132

Picea mariana - Shield

Figure 3.21: Predicted probability of occurrence of black spruce (Picea mariana) over
time after fire at a. dry, b. medium, and c. wet sites in the Taiga Shield ecozone of the
Northwest Territories, Canada. Predictions from binomial generalized linear mixed
effects model with logit link (n = 198) – all covariates other than time after fire held
constant at the median value. Ribbons indicate 95% confidence intervals.
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Table 3.17: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of black spruce (Picea mariana) in the Taiga Shield ecozone
of the Northwest Territories, Canada. Manual backwards elimination used to find model
with lowest Akaike Information Criterion (AIC). Dry sites used as reference to test
significance of different moisture levels on species occurrence. n = 198, α = 0.05, AIC =
460.6, Marginal R2 = 0.462, Conditional R2 = 0.715.
Variable
(Intercept)
Time after fire
Growing degree days
Intermediate moisture
High moisture
Time x mid moisture
Time x high moisture

Estimate
-3.14
0.90
0.63
2.43
2.34
1.73
1.37

Standard Error
0.36
0.31
0.27
0.53
0.33
0.55
0.35

Z value
-8.78
2.88
2.30
4.61
7.04
3.15
3.90

p-value
< 2 x 10-16
3.98 x 10-3
0.02
3.96 x 10-6
1.90 x 10-12
1.64 x 10-3
9.82 x 10-5
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Poaceae spp. - Plains

Figure 3.22: Predicted probability of occurrence of grasses (Poaceae spp.) over time
after fire at a. dry, b. medium, and c. wet sites in the Taiga Plains ecozone of the
Northwest Territories, Canada. Predictions from binomial generalized linear mixed
effects model with logit link (n = 323) – all covariates other than time after fire held
constant at the median value. Ribbons indicate 95% confidence intervals.
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Table 3.18: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of grasses (Poaceae spp.) in the Taiga Plains ecozone of the
Northwest Territories, Canada. Manual backwards elimination used to find model with
lowest Akaike Information Criterion (AIC). Dry sites used as reference to test
significance of different moisture levels on species occurrence. n = 323, α = 0.05, AIC =
1078.4, Marginal R2 = 0.086, Conditional R2 = 0.431.
Variable
(Intercept)
Time after fire
Organic soil depth
Growing degree days
Intermediate moisture
High moisture
Pres/abs of ground ice
Time x mid moisture
Time x high moisture
Time x pres/abs ground ice

Estimate
-1.12
0.52
0.12
-0.31
-0.47
-0.60
-0.07
-0.83
-0.84
-0.47

Standard Error
0.19
0.19
0.10
0.15
0.23
0.20
0.20
0.25
0.21
0.23

Z value
-5.83
2.70
1.17
-2.04
-2.03
-3.05
-0.32
-3.32
-3.95
-2.08

p-value
5.56 x 10-9
6.93 x 10-3
0.24
0.04
0.04
2.26 x 10-3
0.75
8.99 x 10-4
7.84 x 10-5
0.04
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Poaceae spp. – Shield

Figure 3.23: Predicted probability of occurrence of grasses (Poaceae spp.) over time
after fire at a. dry, b. medium, and c. wet sites in the Taiga Shield ecozone of the
Northwest Territories, Canada. Predictions from binomial generalized linear mixed
effects model with logit link (n = 198) – all covariates other than time after fire held
constant at the median value. Ribbons indicate 95% confidence intervals.
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Table 3.19: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of grasses (Poaceae spp.) in the Taiga Shield ecozone of the
Northwest Territories, Canada. Manual backwards elimination used to find model with
lowest Akaike Information Criterion (AIC). Dry sites used as reference to test
significance of different moisture levels on species occurrence. n = 198, α = 0.05, AIC =
609.4, Marginal R2 = 0.143, Conditional R2 = 0.302.
Variable
(Intercept)
Time after fire
Growing degree days
Intermediate moisture
High moisture
Time x mid moisture
Time x high moisture

Estimate
-2.29
0.13
0.28
1.69
1.34
-1.04
-0.62

Standard Error
0.20
0.19
0.15
0.33
0.21
0.33
0.21

Z value
-11.68
0.70
1.81
5.13
6.49
-3.11
-2.95

p-value
< 2 x 10-16
0.49
0.07
2.95 x 10-7
8.64 x 10-11
1.89 x 10-3
3.13 x 10-3
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Populus tremuloides – Plains

Figure 3.24: Predicted probability of occurrence of aspen (Populus tremuloides) over
time after fire at a. dry, b. medium, and c. wet sites in the Taiga Plains ecozone of the
Northwest Territories, Canada. Predictions from binomial generalized linear mixed
effects model with logit link (n = 323) – all covariates other than time after fire held
constant at the median value with soil moisture (categorical) fixed at the intermediate
level. Ribbon indicates 95% confidence intervals.
Table 3.20: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of aspen (Populus tremuloides) in the Taiga Plains ecozone
of the Northwest Territories, Canada. Manual backwards elimination used to find model
with lowest Akaike Information Criterion (AIC). Dry sites used as reference to test
significance of different moisture levels on species occurrence. n = 323, α = 0.05, AIC =
557.6, Marginal R2 = 0.234, Conditional R2 = 0.593.
Variable
(Intercept)
Time after fire
Soil permeability depth
Growing degree days
Intermediate moisture
High moisture
Time x mid moisture
Time x high moisture

Estimate
-3.06
-0.93
-0.56
0.53
-0.90
-1.00
-0.44
-0.17

Standard Error
0.33
0.30
0.20
0.23
0.42
0.31
0.46
0.34

Z value
-9.23
-3.14
-2.83
2.29
-2.12
-3.26
-0.94
-0.51

p-value
< 2 x 10-16
1.67 x 10-3
4.64 x 10-3
0.02
0.03
1.11 x 10-3
0.35
0.61
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Reindeer lichen – Plains

Figure 3.25: Predicted probability of occurrence of reindeer lichen (Cladina spp. and
Cladonia uncialis/arbusculata) over time after fire at sites of intermediate drainage in the
Taiga Plains ecozone of the Northwest Territories, Canada. Predictions from binomial
generalized linear mixed effects model with logit link (n = 323) – all covariates other
than time after fire held constant at the median value with soil moisture (categorical)
fixed at the intermediate level. Ribbon indicates 95% confidence intervals.
Table 3.21: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of reindeer lichen (Cladina spp. and Cladonia
uncialus/arbusculata) in the Taiga Plains ecozone of the Northwest Territories, Canada.
Manual backwards elimination used to find model with lowest Akaike Information
Criterion (AIC). n = 323, α = 0.05, AIC = 831.8, Marginal R2 = 0.443, Conditional R2 =
0.766.
Variable
(Intercept)
Time after fire
Organic soil depth
Pres/abs of ground ice

Estimate
-2.22
2.54
-0.17
-0.52

Standard Error
0.28
0.26
0.10
0.24

Z value
-7.94
9.61
-1.62
-2.23

p-value
2.09 x 10-15
< 2 x 10-16
0.11
0.03
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Reindeer lichen - Shield

Figure 3.26: Predicted probability of occurrence of reindeer lichen (Cladina spp. and
Cladonia uncialis/arbusculata) over time after fire at sites of intermediate drainage in the
Taiga Shield ecozone of the Northwest Territories, Canada. Predictions from binomial
generalized linear mixed effects model with logit link (n = 198) – all covariates other
than time after fire held constant at the median value with soil moisture (categorical)
fixed at the intermediate level. Ribbon indicates 95% confidence intervals.
Table 3.22: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of birch (Cladina spp. and Cladonia uncialis/arbusculata) in
the Taiga Shield ecozone of the Northwest Territories, Canada. Manual backwards
elimination used to find model with lowest Akaike Information Criterion (AIC). Dry sites
used as reference to test significance of different moisture levels on species occurrence.
n = 198, α = 0.05, AIC = 373.2, Marginal R2 = 0.708, Conditional R2 = 0.0.89.
Variable
(Intercept)
Time after fire
Intermediate moisture
High moisture

Estimate
-0.60
4.11
-3.74
-3.13

Standard Error
0.40
0.49
0.57
0.36

Z value
-1.49
8.39
-6.56
-8.72

p-value
0.14
< 2 x 10-16
5.31 x 10-11
< 2 x 10-16

141

Salix spp. – Plains

Figure 3.27: Predicted probability of occurrence of willow (Salix spp.) over time after
fire at a. dry, b. medium, and c. wet sites in the Taiga Plains ecozone of the Northwest
Territories, Canada. Predictions from binomial generalized linear mixed effects model
with logit link (n = 323) – all covariates other than time after fire held constant at median
value. Ribbons indicate 95% confidence intervals.
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Table 3.23: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of willow (Salix spp.) in the Taiga Plains ecozone of the
Northwest Territories, Canada. Manual backwards elimination used to find model with
lowest Akaike Information Criterion (AIC). Dry sites used as reference to test
significance of different moisture levels on species occurrence. n = 323, α = 0.05, AIC =
1095, Marginal R2 = 0.255, Conditional R2 = 0.552.
Variable
(Intercept)
Time after fire
Soil permeability depth
Intermediate moisture
High moisture
Time x mid moisture
Time x high moisture

Estimate
-1.38
0.94
0.60
1.96
1.65
-0.66
-0.58

Standard Error
0.22
0.19
0.11
0.25
0.22
0.23
0.19

Z value
-6.42
4.83
5.45
7.86
7.58
-2.92
-3.07

p-value
1.33 x 10-10
1.38 x 10-6
5.00 x 10-8
3.94 x 10-15
3.40 x 10-14
3.48 x 10-3
2.11 x 10-3
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Salix spp. – Shield

Figure 3.28: Predicted probability of occurrence of Willow (Salix spp.) over time after
fire at sites of intermediate drainage in the Taiga Shield ecozone of the Northwest
Territories, Canada. Predictions from binomial generalized linear mixed effects model
with logit link (n = 198) – all covariates other than time after fire held constant with at the
median value soil moisture (categorical) fixed at the intermediate level. Note that time
after fire was not included as a covariate in the final model as it was not significant.
Ribbon indicates 95% confidence intervals.
Table 3.24: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of willow (Salix spp.) in the Taiga Shield ecozone of the
Northwest Territories, Canada. Manual backwards elimination used to find model with
lowest Akaike Information Criterion (AIC). Dry sites used as reference to test
significance of different moisture levels on species occurrence. n = 198, α = 0.05, AIC =
426.6, Marginal R2 = 0.338, Conditional R2 = 0.534.
Variable
(Intercept)
Growing degree days
Intermediate moisture
High moisture

Estimate Standard Error
-3.9
0.3
1.1
0.2
2.4
0.5
2.5
0.3

Z value
-11.6
5.4
5.2
8.1

p-value
< 2 x 10-16
5.91 x 10-8
2.40 x 10-7
5.64 x 10-16
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Shepherdia canadensis – Plains

Figure 3.29: Predicted probability of occurrence of soap berry (Shepherdia canadensis)
over time after fire at sites of intermediate drainage in the Taiga Plains ecozone of the
Northwest Territories, Canada. Predictions from binomial generalized linear mixed
effects model with logit link (n = 323) – all covariates other than time after fire held
constant at the median value with soil moisture (categorical) fixed at the intermediate
level. Ribbon indicates 95% confidence intervals.
Table 3.25: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of soap berry (Shepherdia canadensis) in the Taiga Plains
ecozone of the Northwest Territories, Canada. Manual backwards elimination used to
find model with lowest Akaike Information Criterion (AIC). Dry sites used as reference
to test significance of different moisture levels on species occurrence. n = 323, α = 0.05,
AIC = 743.5, Marginal R2 = 0.223, Conditional R2 = 0.456.
Variable
(Intercept)
Time after fire
Soil permeability depth
Growing degree days
Intermediate moisture
High moisture
Pres/abs of ground ice
Time x pres/abs ground ice

Estimate
-1.80
0.49
-0.30
0.65
-0.32
-0.67
-0.91
0.33

Standard Error
0.21
0.15
0.12
0.17
0.27
0.22
0.27
0.23

Z value
-8.58
3.25
-2.44
3.89
-1.19
-3.00
-3.39
1.44

p-value
< 2 x10-16
1.15 x 10-3
0.01
1.01 x 10-4
0.24
2.69 x 10-3
7.04 x 10-4
0.15
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Vaccinium uliginosum – Plains

Figure 3.30: Predicted probability of occurrence of blueberry (Vaccinium uliginosum)
over time after fire at sites of intermediate drainage in the Taiga Plains ecozone of the
Northwest Territories, Canada. Predictions from binomial generalized linear mixed
effects model with logit link (n = 323) – all covariates other than time after fire held
constant at the median value with soil moisture (categorical) fixed at the intermediate
level. Ribbon indicates 95% confidence intervals.
Table 3.26: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of blueberry (Vaccinium uliginosum) in the Taiga Plains
ecozone of the Northwest Territories, Canada. Manual backwards elimination used to
find model with lowest Akaike Information Criterion (AIC). Dry sites used as reference
to test significance of different moisture levels on species occurrence. n = 323, α = 0.05,
AIC = 378, Marginal R2 = 0.176, Conditional R2 = 0.899.
Variable
(Intercept)
Time after fire
Growing degree days
Intermediate moisture
High moisture
Pres/abs of ground ice
Time x pres/abs ground ice

Estimate
-8.64
0.87
-2.24
1.94
2.51
-0.73
-1.63

Standard Error
1.11
0.42
0.54
0.65
0.61
0.53
0.52

Z value
-7.76
2.07
-4.13
3.00
4.14
-1.37
-3.12

p-value
8.26 x 10-15
0.04
3.63 x 10-5
0.00
3.48 x 10-5
0.17
1.81 x 10-3
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Vaccinium vitis-idaea - Plains

Figure 3.31: Predicted probability of occurrence of lowbush cranberry (Vaccinium vitisidaea) over time after fire at a. dry, b. medium, and c. wet sites in the Taiga Plains
ecozone of the Northwest Territories, Canada. Predictions from binomial generalized
linear mixed effects model with logit link (n = 323) – all covariates other than time after
fire held constant at the median value. Ribbons indicate 95% confidence intervals.
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Table 3.27: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of bog cranberry (Vaccinium vitis-idaea) in the Taiga Plains
ecozone of the Northwest Territories, Canada. Manual backwards elimination used to
find model with lowest Akaike Information Criterion (AIC). Dry sites used as reference
to test significance of different moisture levels on species occurrence. n = 323, α = 0.05,
AIC = 1198.3, Marginal R2 = 0.146, Conditional R2 = 0.465.
Variable
(Intercept)
Time after fire
Organic soil depth
Growing degree days
Soil permeability depth
Intermediate moisture
High moisture
Time x mid moisture
Time x high moisture

Estimate
-0.89
0.22
0.33
-0.60
-0.20
-0.14
0.49
0.62
0.62

Standard Error
0.19
0.18
0.09
0.15
0.11
0.22
0.19
0.22
0.17

Z value
-4.75
1.26
3.52
-4.05
-1.92
-0.61
2.53
2.81
3.59

p-value
2.02 x 10-6
0.21
4.32 x 10-4
5.24 x 10-5
0.06
0.54
0.01
4.92 x 10-3
3.31 x 10-4
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Vaccinium vitis-idaea - Shield

Figure 3.32: Predicted probability of occurrence of lowbush cranberry (Vaccinium vitisidaea) over time after fire at a. dry, b. medium, and c. wet sites in the Taiga Shield
ecozone of the Northwest Territories, Canada. Predictions from binomial generalized
linear mixed effects model with logit link (n = 198) – all covariates other than time after
fire held constant at the median value. Ribbons indicate 95% confidence intervals.
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Table 3.28: Output from binomial generalized linear mixed effects model with logit link
of probability of occurrence of bog cranberry (Vaccinium vitis-idaea) in the Taiga Shield
ecozone of the Northwest Territories, Canada. Manual backwards elimination used to
find model with lowest Akaike Information Criterion (AIC). Dry sites used as reference
to test significance of different moisture levels on species occurrence. n = 198, α = 0.05,
AIC = 718.5, Marginal R2 = 0.303, Conditional R2 = 0.542.
Variable
(Intercept)
Time after fire
Growing degree days
Intermediate moisture
High moisture
Time x mid moisture
Time x high moisture

Estimate
-0.86
-0.23
-0.33
2.33
2.73
1.23
1.12

Standard Error
0.19
0.21
0.20
0.39
0.24
0.37
0.24

Z value
-4.52
-1.13
-1.66
5.94
11.34
3.30
4.71

p-value
6.27 x 10-6
0.26
0.10
2.81 x 10-9
< 2 x 10-16
9.76 x 10-4
2.53 x 10-6
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Seedling/Sapling Models
Betula papyrifera – Shield

Figure 3.33: Predicted count of paper birch (Betula papyrifera) seedlings/saplings <
1.4m in height per plot over time after fire at sites of intermediate drainage in the Taiga
Shield ecozone of the Northwest Territories, Canada. Predictions from negative binomial
generalized linear mixed effects model with log link (n = 161) – all covariates other than
time after fire held constant at the median value with soil moisture (categorical) fixed at
the intermediate level. Ribbon indicates 95% confidence intervals.
Table 3.29: Output from negative binomial generalized linear mixed effects model with
log link of the count of seedlings/saplings < 1.4m in height per plot of paper birch (Betula
papyrifera) in the Taiga Shield ecozone of the Northwest Territories, Canada. Manual
backwards elimination used to find model with lowest Akaike Information Criterion
(AIC). Dry sites used as reference to test significance of different moisture levels on
seedlings/sapling count. n = 161, α = 0.05, AIC = 777.4, Marginal R2 = 0.418,
Conditional R2 = 0.881.
Variable
(Intercept)
Time after fire
Intermediate moisture
High moisture

Estimate
0.80
-1.97
-0.08
-1.46

Standard Error
0.49
0.36
0.59
0.46

Z value
1.62
-5.53
-0.14
-3.16

p-value
0.11
3.29 x10-8
0.89
1.59 x 10-3
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Picea mariana - Plains

Figure 3.34: Predicted count of black spruce (Picea mariana) seedlings/saplings < 1.4m
in height per plot over time after fire at sites of intermediate drainage in the Taiga Plains
ecozone of the Northwest Territories, Canada. Predictions from negative binomial
generalized linear mixed effects model with log link (n = 305) – all covariates other than
time after fire held constant at the median value with soil moisture (categorical) fixed at
the intermediate level. Ribbon indicates 95% confidence intervals.
Table 3.30: Output from negative binomial generalized linear mixed effects model with
log link of the count of seedlings/saplings < 1.4m in height per plot of black spruce
(Picea mariana) in the Taiga Plains ecozone of the Northwest Territories, Canada.
Manual backwards elimination used to find model with lowest Akaike Information
Criterion (AIC). Dry sites used as reference to test significance of different moisture
levels on seedlings/sapling count. n = 305, α = 0.05, AIC = 2127.2, Marginal R2 = 0.183,
Conditional R2 = 0.466.
Variable
(Intercept)
Time after fire
Organic soil depth
Intermediate moisture
High moisture
Pres/abs of ground ice

Estimate
1.54
-0.24
-0.22
1.15
1.05
0.14

Standard Error
0.23
0.11
0.12
0.25
0.29
0.24

Z value
6.78
-2.11
-1.81
4.69
3.68
0.58

p-value
1.23 x 10-11
0.03
0.07
2.74x 10-6
2.3 x 10-4
0.56
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Picea mariana – Shield

Figure 3.35: Predicted number of black spruce (Picea mariana) seedlings/saplings <
1.4m in height per plot over time after fire at a. dry, b. medium, and c. wet sites in the
Taiga Shield ecozone of the Northwest Territories, Canada. Predictions from negative
binomial generalized linear mixed effects model with log link (n = 161) – all covariates
other than time after fire held constant at the median value. Ribbons indicate 95%
confidence intervals.
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Table 3.31: Output from negative binomial generalized linear mixed effects model with
log link of the count of seedlings/saplings < 1.4m in height per plot of black spruce
(Picea mariana) in the Taiga Shield ecozone of the Northwest Territories, Canada.
Manual backwards elimination used to find model with lowest Akaike Information
Criterion (AIC). Dry sites used as reference to test significance of different moisture
levels on seedlings/sapling count. n = 161, α = 0.05, AIC = 774.8, Marginal R2 = 0.446,
Conditional R2 = 0.614.
Variable
(Intercept)
Time after fire
Intermediate moisture
High moisture
Time x mid moisture
Time x high moisture

Estimate
0.26
-0.08
1.08
1.58
-0.99
-0.32

Standard Error
0.19
0.18
0.28
0.22
0.29
0.22

Z value
1.37
-0.46
3.93
7.29
-3.40
-1.45

p-value
0.17
0.64
8.59 x10-5
3.08 x 10-13
6.8 x 10-4
0.15
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Populus tremuloides – Plains

Figure 3.36: Predicted count of seedlings/saplings < 1.4m in height per plot of trembling
aspen (Populus tremuloides) over time after fire at sites of intermediate drainage in the
Taiga Plains ecozone of the Northwest Territories, Canada. Predictions from negative
binomial generalized linear mixed effects model with log link (n = 305) – all covariates
other than time after fire held constant at the median value with soil moisture
(categorical) fixed at the intermediate level. Ribbon indicates 95% confidence intervals.
Table 3.32: Output from negative binomial generalized linear mixed effects model with
log link of the count of seedlings/saplings of trembling aspen (Populus tremuloides) in
the Taiga Plains ecozone of the Northwest Territories, Canada. Manual backwards
elimination used to find model with lowest Akaike Information Criterion (AIC). Dry sites
used as reference to test significance of different moisture levels on seedlings/sapling
count. n = 305, α = 0.05, AIC = 1235.7, Marginal R2 = 0.578, Conditional R2 = 0.727.
Variable
(Intercept)
Time after fire
Organic soil depth
Growing degree days
Soil permeability depth
Intermediate moisture
High moisture

Estimate
-0.79
-3.49
0.06
0.86
-0.80
1.07
0.11

Standard Error
0.64
0.49
0.27
0.37
0.34
0.51
0.62

Z value
-1.25
-7.14
0.22
2.36
-2.38
2.09
0.17

p-value
0.21
9.10 x 10-13
0.83
0.02
0.02
0.04
0.86
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Appendix 3.5: Forage Plots
Alces alces (moose) – Plains

Figure 3.37: Predicted probability of occurrence over time after fire for forage species of
moose (Alces alces) at a. dry, b. medium, and c. wet sites in the Taiga Plains ecoregion of
the NWT, Canada. Predictions from binomial generalized linear mixed effects models
with logit link (n = 323) – all covariates other than time after fire held constant. Thicker
lines indicate forages that were noted as most consumed or selected during least one
season in multiple studies from literature review. Grey bars indicate timeline of top
habitat use by moose in Alaska base on Maier et al. (2005). Forage species: aspen –
Populus tremuloides, birch – Betula spp., willow – Salix spp. (Image: public domain)
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Alces alces (moose) - Shield

Figure 3.38: Predicted probability of occurrence over time after fire for forage species of
moose (Alces alces) at a. dry, b. medium, and c. wet sites in the Taiga Shield ecoregion
of the NWT, Canada. Predictions from binomial generalized linear mixed effects models
with logit link (n = 198) – all covariates other than time after fire held constant. Thicker
lines indicate forages that were noted as most consumed or selected during least one
season in multiple studies from literature review. Grey bars indicate timeline of top
habitat use by moose in Alaska base on Maier et al. (2005). Forage species: alder – Alnus
crispa, birch – Betula spp., willow – Salix spp. (Image: public domain)
157

Bison bison athabascae (wood bison) - Plains

Figure 3.39: Predicted probability of occurrence over time after fire for forage species of
wood bison (Bison bison athabascae) at a. dry, b. medium, and c. wet sites in the Taiga
Plains ecoregion of the NWT, Canada. Predictions from binomial generalized linear
mixed effects models with logit link (n = 323) – all covariates other than time after fire
held constant. Thicker lines indicate forages that were noted as most consumed or
selected during least one season in multiple studies from literature review. Forage
species: grass – Poaceae spp., reedgrass – Calamagrostis spp., sedge – Cyperaceae spp.,
soap berry – Shepherdia canadensis, willow – Salix spp. (Image: public domain)
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Lepus americanus (snowshoe hare) - Plains

Figure 3.40: Predicted probability of occurrence over time after fire for forage species of
snowshoe hare (Lepus americanus) at a. dry, b. medium, and c. wet sites in the Taiga
Plains ecoregion of the NWT, Canada. Predictions from binomial generalized linear
mixed effects models with logit link (n = 323) – all covariates other than time after fire
held constant. Thicker lines indicate forages that were noted as most consumed or
selected during least one season in multiple studies from literature review. Grey bars
indicate the timeline of top habitat use by hares in Quebec based on Allard-Duchêne et al.
2014 and Hodson et al. 2011. Forage species: aspen – Populus tremuloides, birch –
Betula spp., grass – Poaceae spp., soap berry – Shepherdia canadensis, spruce – Picea
mariana, willow – Salix spp. (Image: Anastasiia, CC by 4.0)
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Lepus americanus (snowshoe hare) - Shield

Figure 3.41: Predicted probability of occurrence over time after fire for forage species of
snowshoe hare (Lepus americanus) at a. dry, b. medium, and c. wet sites in the Taiga
Shield ecoregion of the NWT, Canada. Predictions from binomial generalized linear
mixed effects models with logit link (n = 198) – all covariates other than time after fire
held constant. Thicker lines indicate forages that were noted as most consumed or
selected during least one season in multiple studies from literature review. Grey bars
indicate the timeline of top habitat use by hares in Quebec based on Allard-Duchêne et al.
2014 and Hodson et al. 2011. Forage species: alder – Alnus crispa, birch – Betula spp.,
grass – Poaceae spp., spruce – Picea mariana, willow – Salix spp. (Image: Anastasiia,
CC by 4.0)
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Rangifer tarandus caribou (woodland caribou) - Plains

Figure 3.42: Predicted probability of occurrence over time after fire for forage species of
woodland caribou (Rangifer tarandus caribou) at a. dry, b. medium, and c. wet sites in
the Taiga Plains ecoregion of the NWT, Canada. Predictions from binomial generalized
linear mixed effects models with logit link (n = 323) – all covariates other than time after
fire held constant. Thicker lines indicate forages that were noted as most consumed or
selected during least one season in multiple studies from literature review. Grey bars
indicate timeline of top habitat use by caribou in Quebec base on Hins et al. (2009).
Forage species: aster – Aster spp., birch – Betula spp., blueberry – Vaccinium uliginosum,
cranberry – Vaccinium vitis-idaea, reindeer lichen – Cladina/Cladonia spp., willow –
Salix spp. (Image: clipart-library.com)
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Ursus americanus (black bear) - Plains

Figure 3.43: Predicted probability of occurrence over time after fire for forage species of
black bear (Ursus americanus) at a. dry, b. medium, and c. wet sites in the Taiga Plains
ecoregion of the NWT, Canada. Predictions from binomial generalized linear mixed
effects models with logit link (n = 323) – all covariates other than time after fire held
constant. Thicker lines indicate forages that were noted as most consumed or selected
during least one season in multiple studies from literature review. Grey bars indicate
timeline of top habitat use by black bear in Quebec based on Mosnier et al. (2008).
Forage species: cranberry – Vaccinium vitis-idaea, blueberry – Vaccinium uliginosum,
horsetail – Equisetum spp., soap berry – Shepherdia canadensis. (Image: Bob Comix, CC
by 4.0)
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Ursus americanus (black bear) - Shield

Figure 3.44: Predicted probability of occurrence over time after fire for forage species of
black bear (Ursus americanus) at a. dry, b. medium, and c. wet sites in the Taiga Shield
ecoregion of the NWT, Canada. Predictions from binomial generalized linear mixed
effects models with logit link (n = 198) – all covariates other than time after fire held
constant. Thicker lines indicate forages that were noted as most consumed or selected
during least one season in multiple studies from literature review. Grey bars indicate
timeline of top habitat use by black bear in Quebec based on Mosnier et al. (2008).
Forage species: cranberry – Vaccinium vitis-idaea, horsetail – Equisetum spp. (Image:
Bob Comix, CC by 4.0)
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Appendix 3.6: Image credits
Bear Silhouette:
Author: Bob Comix
Image title: Black Bear silhouette
Licence: Creative Commons Attribution 4.0 (CC BY 4.0). Free for personal and
commercial use.
https://creativecommons.org/licenses/by/4.0/legalcode
Source: https://creazilla.com/nodes/2870-black-bear-silhouette
Warranties: information not provided
Image alterations: none
Bison Silhouette:
Public domain image
Source: https://creazilla.com/nodes/78641-walking-bison-silhouette
Caribou Silhouette:
Licence: Cliparts licence - For non-commercial use
http://clipart-library.com/terms.html
Source: http://clipart-library.com/clip-art/baby-deer-silhouette-clip-art-24.htm
Hare silhouette:
Author: Anastasiia
Image title: Arctic Hare silhouette
Licence: Creative Commons Attribution 4.0 (CC BY 4.0). Free for personal and
commercial use.
https://creativecommons.org/licenses/by/4.0/legalcode
Source: https://creazilla.com/nodes/583-arctic-hare-silhouette
Warranties: information not provided
Image alterations: flipped horizontally
Moose silhouette:
Public domain image
Source: https://publicdomainvectors.org/en/free-clipart/Moose-silhouette/62989.html
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Appendix 3.7: Correlation Matrices
Table 3.33: Correlation matrix for covariates used in generalized linear mixed effects models of probability of occurrence of different
forage taxa in the Taiga Plains ecoregion of the NWT, Canada (n = 323). Kendal’s Tau used as the correlation coefficient. Variable
pairs with a coefficient ≥ 0.50 were considered overly collinear; however, no covariates passed this threshold in the Taiga Plains.

Time after fire (years)
Soil moisture
Organic soil depth (cm)
Growing degree days
Pres/abs ground ice
Soil permeability depth (cm)

Time after fire
(years)
1
0.06
0.32
0.27
0.07
0.15

Soil moisture
1
0.37
0.11
0.37
0.35

Organic soil
depth (cm)

Growing degree
days

Pres/abs
ground ice

Soil permeability
depth (cm)

1
0.21
0.31
0.28

1
0.12
0.22

1
0.24

1

Table 3.34: Correlation matrix for covariates used in generalized linear mixed effects models of probability of occurrence of different
forage taxa in the Taiga Shield ecoregion of the NWT, Canada (n = 198). Kendal’s Tau used as the correlation coefficient. Variable
pairs with a coefficient ≥ 0.50 were considered too collinear to be used together in models.

Time after fire
Soil moisture
Organic soil depth
Growing degree days
Pres/abs ground ice
Soil permeability depth (cm)

Time after fire
(years)
1
-0.13
0.08
0.32
-0.02
-0.10

Soil moisture
1
0.64
-0.07
0.67
0.55

Organic soil
depth (cm)

Growing degree
days

Pres/abs
ground ice

Soil permeability
depth (cm)

1
0.04
0.57
0.46

1
0.03
-0.02

1
0.37

1
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Table 3.35: Correlation matrix for covariates used in generalized linear mixed effects models of seedling/sapling counts of different
forage taxa in the Taiga Plains ecoregion of the NWT, Canada (n = 305). Kendal’s Tau used as the correlation coefficient. Variable
pairs with a coefficient ≥ 0.50 were considered overly collinear; however, no covariates passed this threshold in the Taiga Plains.

Time after fire (years)
Soil moisture
Organic soil depth (cm)
Growing degree days
Pres/abs ground ice
Soil permeability depth (cm)

Time after fire
(years)
1
0.06
0.33
0.30
0.06
0.15

Soil moisture
1
0.46
0.10
0.41
0.41

Organic soil
depth (cm)

Growing degree
days

Pres/abs
ground ice

Soil permeability
depth (cm)

1
0.21
0.30
0.29

1
0.10
0.23

1
0.25

1

Table 3.36: Correlation matrix for covariates used in generalized linear mixed effects models of seedling/sapling counts of different
forage taxa in the Taiga Shield ecoregion of the NWT, Canada (n = 161). Kendal’s Tau used as the correlation coefficient. Variable
pairs with a coefficient ≥ 0.50 were considered too collinear to be used together in models.

Time after fire (years)
Soil moisture
Organic soil depth (cm)
Growing degree days
Pres/abs ground ice
Soil permeability depth (cm)

Time after fire
(years)
1
0.04
0.18
0.38
0.14
0.03

Soil moisture
1
0.71
0.01
0.73
0.47

Organic soil
depth (cm)

Growing degree
days

Pres/abs
ground ice

Soil permeability
depth (cm)

1
0.09
0.59
0.41

1
0.13
0.06

1
0.32

1
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Chapter 4: Summary and General Discussion
Introduction
Climate change is causing the number of ignitions, size of burns, and length of the
annual fire season to increase across boreal North America (Flannigan et al., 2008;
Kasischke and Turetsky, 2006; Kochtubajda et al., 2006; Veraverbeke et al., 2017). Both
boreal trees and understory vegetation are well adapted to fire, having evolved a variety
of strategies to increase survival or recolonization after burns such as heat triggered
germination (Granström and Schimmel, 1993). However, there is uncertainty how these
ecosystems will react to the intensified fire regime. This, in turn, is expected to influence
boreal wildlife through habitat alterations such as changes to forage abundance in burned
areas. Whether these changes are positive or negative will likely depend on the species.
Caribou tend to select for mature forest and consume large amounts lichen, a forage
which can take up to 70 years to recover from fire (Greuel et al., 2021; Hins et al., 2009;
Johnson et al., 2000; Rettie and Messier, 2000; Thompson et al., 2015). As a result,
increased fire will likely be detrimental to this species. Bison, in contrast, tend to
consume mostly graminoids and often select for open areas created by disturbance,
indicating that the intensified fire regime may be beneficial (Campbell and Hinkes, 1983;
Larter, 1988; Leverkus, 2015; Reynolds et al., 1978). The influence fire on boreal
ecosystems is of interest to both northern wildlife managers and local communities who
may rely on wild food for subsistence; and questions remain about how long it will take
for burned areas to recover into suitable wildlife habitat.
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Project Summary
The goal of this project was to examine the long-term (100+ years) influence of
fire on both plants and animals in the boreal forests of North America to help anticipate
the impacts of increased fire activity due to climate change. To address this, I focussed on
the following research questions: 1) What are the main forage types consumed by boreal
wildlife and how much dietary overlap is there among taxa?, 2) How does time after fire
affect boreal vegetation recovery and how do environmental factors mediate recovery
processes?, and 3) Can information on post-fire community assembly processes be used
to anticipate periods of habitat selection by different boreal wildlife taxa and where
overlap in timing of use may occur?
Analysis of vegetation recovery focussed on favoured forage taxa for woodland
caribou, moose, wood bison, snowshoe hare and black bear. These species were chosen
as snowshoe hare, woodland caribou, and moose are used for subsistence in boreal areas
(Bordeleau et al., 2016; Legat and Chocolate, 2012; Spring et al., 2018), wood bison is a
species at risk (COSEWIC, 2013), and black bear is a known opportunistic predator of
moose and caribou (Ballard et al., 1981; Bastille‐Rousseau et al., 2011). Forage taxa for
focal wildlife were identified in Chapter 2, which acted as a literature review of boreal
wildlife diet focussing on the following research questions: 1) What are the main forage
types consumed by moose, woodland caribou, black bear, wood bison, snowshoe hare,
and muskox in boreal North America and how does diet vary throughout the year?, 2)
How much dietary overlap is there among these animals?, and 3) What are current
knowledge gaps concerning wildlife diet in boreal North America? The main conclusions
from Chapter 2 are summarized as follows:
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1. Moose, woodland caribou, snowshoe hare, wood bison, and black bear have fairly
distinct forage preferences/specializations in boreal North America. However,
there is some dietary overlap, the amount of which can vary seasonally.
2. Moose and snowshoe hare had the greatest dietary overlap of the animals
examined, with both favouring woody deciduous taxa such as Salix spp., Betula
spp., and Populus tremuloides. This may enhance range overlap or competition
between these species.
3. Moose and caribou range may overlap during summer as both species consume
foliage of woody deciduous taxa at this time of year.
4. Black bear diet overlapped somewhat with that of caribou during summer and
fall, which may increase predation risk for caribou using areas rich in shared
forage during these seasons.
5. The amount of wildlife dietary research in boreal North America varies greatly by
animal species, season, and location. Further research is recommended to help fill
these knowledge gaps and create a more complete picture of wildlife diet in the
boreal biome.
Chapter 3 analyzed the influence of fire and other environmental variables on
favoured forage taxa for focal wildlife (as identified in Chapter 2) and full vegetation
community in the Taiga Plains and Taiga Shield ecozones of the NWT. Information from
580 field plots ranging from one to more than 100 years post fire was used to develop
models of forage species recovery and assess trends in full plant community over time. A
range of environmental variables were also included in these analyses to assess the
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influence of local site conditions on plant community and specific forage taxa and to
detect interactions between time after fire, ground ice, and soil moisture. “Forage plots”
were then created for woodland caribou, moose, wood bison, snowshoe hare and black
bear by adding the model predictions of their favoured forage types to a single plot.
These plots were used to estimate when a particular animal would be most likely to select
for a burned area due to an abundance of forage. Predictions were then compared to
timelines of habitat use identified from the literature to assess accuracy. The main results
of Chapter 3 are summarized as follows:
1. Time after fire has a significant influence on both full vegetation community and
several of the individual forage taxa examined over at least the first hundred years
in the boreal forests of the Taiga Plains and Taiga Shield in the NWT.
2. However, time after fire only explains a small amount of total community
variation and environmental conditions, particularly soil moisture, are also
important.
3. The speed and pattern of vegetation recovery can vary greatly by species, and is
often mediated by soil moisture level.
4. Soil moisture itself was the most commonly significant variable modelled, and
one of the most influential variables in analyses of full plant community,
suggesting that it has an important influence on vegetation composition in the
boreal forest.
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5. Forage plots had limited success in predicting when animals were likely to use
burned areas. This is likely due to a combination of the large number of nonforage conditions that can influence habitat selection and statistical limitations.
My results provide novel information about the influence of time after fire and a
selection of environmental variables on boreal plant communities. They also identify
general trends in fire recovery for multiple forage species. This information is intended to
be of use to local communities who will be required to anticipate and adapt to increasing
fire activity, and northern wildlife managers charged with the effective conservation of
boreal habitat.

Relation of project to the WLU Forest Ecology Research Group and
wider research community
My research is part of the NWT Fire Project, an ongoing initiative administered in
partnership between the Government of the Northwest Territories and several Canadian
and American research institutions. Members of Wilfrid Laurier University’s (WLU)
Forest Ecology Research Group, under the supervision of Dr. Jennifer Baltzer, have
played leadership roles in this project since its inception in 2014. Former and current lab
members have used data collected for the Fire Project to examine the impacts of fire on
subjects ranging from tree and understory re-establishment (Day et al., 2020 2017; Reid,
2017) and lichen biomass recovery (Greuel et al., 2021) to soil microbial communities
(Day et al., 2019). Other researchers from the Fire Project have assessed the influence of
fire on ecosystem attributes such as total and legacy soil carbon losses during an extreme
fire event (Walker et al., 2019, 2018b, 2018a) and soil organic layer recovery following
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fire (Bill et al. in prep.). My research adds to this expanding knowledge base by
examining long-term trends in plant recovery following fire and the influence of key
environmental variables on post-fire boreal vegetation community assembly. It then goes
further by applying vegetation results to questions related to wildlife use of burned areas,
one of the initial goals of the NWT Fire Project.

Relation of project to program objectives
The objective of the M.Sc. in Integrative Biology program at WLU is as follows:
“…to provide students with a trans-disciplinary approach to biological research that
allows them to explore the answers to complex questions from a perspective that bridges
the traditional sub-disciplines of biology, across diverse taxa, over time scales ranging
from short (physiological) to long (evolutionary) (WLU Biology, 2019).
My project aligns with this goal through its use of cross-disciplinary methods to
answer biological questions relating to fire in the north. As discussed above, my research
is part of a larger project examining fire in the boreal forests of the NWT including
researchers from a variety of sub-disciplines. In addition, my project directly combines
two sub-disciplines of biology though using the analyses of plant ecology data to help
answer questions relating to wildlife. My sampling methods and initial analyses were
based on forest ecology, using field data combined with knowledge of successional
processes to help map plant recovery over time. Plant physiology was considered in the
selection of environmental variables likely to influence vegetation recovery, such as
moisture and organic soil depth. I also integrated information related to wildlife biology
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through the selection of forage species for analysis and the use of my results to estimate
wildlife occurrence on burn sites over time.
My project was initially intended to include a significant component of
knowledge sharing through direct engagement with Ka’a’gee Tu First Nation (KTFN) in
the NWT. Unfortunately, I was unable to fulfill my goal of working directly with KTFN
during the summer of 2020 due to the Covid-19 pandemic. However, I did participate in
relationship building activities prior to pandemic restrictions including acting as an
educational staff member at the 2019 KTFN youth on-the-land camp, creation and
sharing of a digital story outlining my research, and attending a week-long community
science meeting in the village of Kakisa in February 2020. I still plan to provide a plain
language report on my research to KTFN and hope to participate in further community
engagement activities after I graduate.

Suggestions for future research
My results provide information on the influence of fire and local environmental
conditions on boreal vegetation community and specific wildlife forage taxa in the NWT.
I have also endeavoured to use this information to make inferences related to wildlife
selection of burned areas. However, given the limited scope and timeframe of an M.Sc.
program, there are several questions related to my research that I was unable to address,
and would be useful to build on in the future.
First, my models were designed to be descriptive rather than predictive. This
means that, though they were developed to identify variables that influence the
abundance of different forage taxa and general trends in fire recovery over time, they are
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likely not suitable for making detailed predictions about vegetation community in nonsurveyed areas. Further work in model design and verification is required to make models
suitable for predicting numbers related to species abundance in locations not covered by
my sampling. One valuable investigation would be to verify the relation of the relative
abundance measure (probability of occurrence) used in this project with true plant cover
or biomass. During project design, NWT Fire Project Researchers assumed that relative
abundance of different taxa was closely related to actual abundance and, as a result, this
measure could be scaled up to infer local land cover class. I suggest that this assumption
be verified through the comparison of model predictions with land cover classes
identified via remote sensing, or through field work measuring biomass or plant cover in
a number of sampling areas.
I found that burn sites 1-2 years post fire generally had distinct vegetation
communities from older burns, but that there were no clear trends in plant community
composition after this time. However, as we did not sample burns between 4- and 29years post-fire, I was unable to determine when plant community stabilized. I suggest
further research on full vegetation community focussing on the first 30 years post fire to
gain insight into early boreal succession and when longer term plant community
composition becomes established. Given the strong influence of environmental variables
on vegetation, I also suggest further research on vegetation recovery trajectories on sites
with specific environmental conditions, to help anticipate the varying impacts of fire
across the boreal biome.
As noted in Chapter 3, forage abundance is only one of several variables that
influences habitat selection. As such, my predictions relating to animal use of burned
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areas are coarse, thereby reducing accuracy. I suggest that an important next step is to
combine information on different variables related to habitat selection, such as predation
risk and proximity to anthropogenic disturbance, with forage recovery data to help more
accurately predict wildlife use of burned areas. Further, I suggest validating these models
using NWT caribou collar data and local traditional knowledge to help evaluate accuracy.
Researchers from the GNWT are currently examining questions related to caribou forage
quality in boreal regions, and their results may also be integrated into wildlife habitat
selection models for the NWT.
Chapter 2 identifies several knowledge gaps related to wildlife diet in boreal
North America including inconsistency in the amount of research available for different
animal species, geographic regions, and seasons. I suggest that future dietary studies
specifically target these gaps in order to develop a fuller picture of wildlife diet across the
boreal biome, particularly in Canada’s northern boreal where data were more limited.
Chapter 2 also discusses the potential for overlap in habitat use between different animal
taxa due to shared forage preferences at certain times of the year. Field research
quantifying species overlap would help to verify my results and fill critical knowledge
gaps related to the potential for direct and apparent competition among the wildlife of the
boreal forest and how important these biotic interactions are across different regions.
Species overlap could be investigated using techniques such as camera traps, collaring
data, and surveys of wildlife signs such as tracks and scat in areas of interest. Local
hunter and land user surveys may also be beneficial as these individuals are likely to
recognize the signs of common wildlife and thus may know when species such as moose
and caribou are occurring in the same locations.
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Conclusion
Climate change is causing more, larger fires to burn in the boreal forests of North
America (Kasischke and Turetsky, 2006; Kochtubajda et al., 2006; Veraverbeke et al.,
2017). Further knowledge about the influence of this disturbance on the physical,
biological, and social components of the boreal biome is required to help northern people
anticipate and respond to the changing fire regime. My project contributes to this goal by
providing novel information about long-term vegetation recovery after fire, with a focus
on the influence of fire and environmental conditions on wildlife forage. However, much
research is still required to address the many remaining questions about the impact of fire
on the plants, animals, and people of the north.
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